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1.0 SUMMARY

Boeing's program entitled Advanced Technology Composite Aircraft Structure (ATCAS)

is focused on the application of affordable composite technology to transport fuselage.

An aft fuselage section directly behind the wing-to-body intersection is used for

technology development and verification purposes. Past Boeing studies, indicating

strong interactions between design details and manufacturing costs, led to a decision to

consider assembled structure during ATCAS concept selection. The approach used for

this effort is based on a design build team (DBT). The initial goal of the DBT is to identify

composite design and manufacturing concepts that have a strong potential for cost and

weight savings as compared to 1995 metals technology. Relative cost and weight
estimates from a new Boeing airplane program serves as a benchmark for advanced

metals technology. The loads and configuration constraints for this airplane are also
used for ATCAS sizing exercises.

The ATCAS schedule plans to study crown, keel, and side areas of the aft fuselage

section over a five year time period ending in 1994. This report documents the three

step DBT approach developed for ATCAS design activities and DBT progress to date.

Progress was mainly in two areas. First, baseline concepts (DBT step #1 ) were selected

for the entire fuselage section. Second, comprehensive cost and weight trade studies

(DBT step #2) were performed for several crown panel designs, yielding data that
indicated advantages for polymer composite materials over metallic construction.



2.0 INTRODUCTION

The NAS1-18889 contract entitled Advanced Technology Composite Aircraft Structure

(ATCAS) started at Boeing on May 12, 1989. The main objective of this program is to

develop an integrated technology and demonstrate a confidence level that permits the

cost- and weight-effective use of advanced composite materials in primary structures of

future aircraft with the emphasis on pressurized fuselages. Early phases of product

development within ATCAS judge the merits of structural concepts by considering

enough design details to get both fabrication and assembly costs. Composite concepts

are compared against a 1995 metallic baseline. An accurate estimate of the potential for

cost and weight savings with a composite concept is established prior to the commitment

for solving major technical issues.

The ATCAS approach to achieving cost savings by focussing on design details and

assembly in the early phases of product development relates to the primary cost centers

in current fuselage structure. Figure 2-1 shows that assembly is a major cost center for

metallic fuselage structure; it accounts for nearly half the recurring manufacturing labor

costs, significantly more than the fabrication of any individual element. Details of design

(e.g., reinforcement of cutouts, attachment of individual elements) strongly influence the

element-fabrication and assembly costs. Although the relationships differ for composite

fuselage structure, the design details and assembly continue to be major cost factors.

Assembly (46%)

Misc. (Doors,

Window Belt,
Keel Beam,
Floors)

(17%) Skins

L (12%)Stringers :

/ (13'_) \

Element Fabrication

Figure 2-1: Recurring Labor for a Typical Boeing Metallic Aft-
Fuselage
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The ATCAS program has chosen an aft fuselage section for demonstrating low-cost

composite technology advancements. An exploded view of the aft fuselage section

(referred to as "section 46") for the Boeing 767-200 is shown in Figure 2-2. Three major

elements of the aft fuselage are being considered in the ATCAS program. These
include:

1. Crown

2. Side (Including Window Belt)
3. Keel

___1_ -_----- Crown

?

'_--'---- KeelSection 46

Exploded View

Figure 2-2: Aft Fuselage Section 46 for the Boeing 767-200 Aircraft
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The designenvelope(i.e., size, loads,and configurationconstraints)chosenby ATCAS
is basedon preliminarydata for section46 of a 767-X sized airplane(a currentBoeing
aluminum commercial airplane developmentprogram). The 767-X has a fuselage
diameterof 244 in. and loadscharacteristicof a commercialaircraftwhich is 80% the
sizeof a 747 (seeFigure2-3).
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6949 Ib/in Shear (_ areas at keel beam
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• Internalpressure creates a 1650 IbAnULTIMATE hoop tension

load throughoutfuselage combinedwith flight loads.
Additional ULTIMATE toad case of 2200 Ib/in hoop tension
is applied separately without flight loads.

Figure 2-3: Loading Diagram for a Composite Fuselage

The manufacturing cost issues associated with an aft fuselage section are shown in

Figure 2-4. Although some issues are common to the entire section, each area has

unique problems that must be solved in order to achieve low costs. Many of the

important composite structural issues, shown in Figure 2-5, are also unique to individual

areas of the fuselage.
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Figure 2-4: Cost Drivers for a Composite Fuselage

Hail Impact Biaxial Tension (Damage Tolerance)

_ , • _ / _O4tl_ C rcumferential/
Pressure Hiliowmg / - \_ -- '_ -"_I'-"%.-"---..Z "'-:_.#O Longitudinal Joints

/....._.,._[,c_o_,_ (Durability/Life)
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,xiai Compression,

_StcBu_Cekled .'_ / _ (Damage Tolerance)

Post-Impact Ground Ma or Load Redistribution
Strength Handling from (eel Beam

Equipment
Damage

Figure 2-5: Structural Design Drivers for a Composite Fuselage
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A design build team (DBT) approach is used to select structural concepts studied in

ATCAS for each area of the fuselage. This approach uses a three step process: (1)

baseline concept selection, (2) detailed cost and weight sensitivity studies (global

optimization), and (3) subcomponent/element tailoring (local optimization).

Baseline concepts are selected during preliminary DBT reviews as those ideas having

the greatest potential for cost savings, combined with an acceptable risk. During global

optimization, representative detailed designs and fabrication/assembly plans are

developed for the baseline and a limited number of alternative concepts. This facilitates

cost and weight trades which consider enough details to select a cost-effective concept

for further study. Cost centers and technology issues are also identified during global

optimization. Local design optimization addresses the critical cost centers, technology

issues, and structural performance details. The goal of this DBT step is to minimize cost

and weight, while ensuring structural integrity.

This report is divided into three main sections. The first will discuss details of the

ATCAS DBT approach, including its conception and experiences to date. The merits of

baseline concepts selected for each area of the fuselage will be covered in the second

section. Manufacturing and structural issues that need to be addressed during concept

development and verification will also be described. The last section of this document

presents cost and weight results from the ATCAS DBT for crown fuselage structure to

demonstrate the global optimization design step.
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3.0 DESIGN BUILD TEAM APPROACH

The purpose of a design build team (DBT) is to coordinate the expertise of various

disciplines responsible for creating aircraft structure (e.g., design, manufacturing, cost

analysis, materials, structures, quality control) at the time of concept selection. The end

result of DBT interactions is expected to be cost savings by selecting concepts that can

be built using efficient manufacturing processes. This form of concurrent engineering is

shown schematically in Figure 3-1.

DBT interactions

/""Wwe can change this_'_

,.Jdesign detail, an automated I

I \ process that costs 30% /

Manufacturing
and process

Intime engineering

Motivation

70% of the cost is

set by choice of
design concept

Figure 3-1: Schematic of DBT Interactions

Although the idea of a DBT is easily understood, details of formulating the approach can

be a difficult task. For example, groundrules used for DBT meetings are generally

related to constraints imposed by the needs of a specific application. A long-term

research and development program, such as ATCAS, can consider innovative designs

and advanced manufacturing technologies, while a near-term hardware program would

need to consider concepts having less risk.

As with other teams, successful DBTs need to consider the strengths of individual

members when developing their game plan. During initial ATCAS DBT development,

several aspects of "team play" were obeyed. Each member was given a voice in

deriving the DBT approach and goals. This took considerable time, but helped to

stimulate individual interests in the DBT activities and a sense of ownership in

accomplishments. Although it is impossible to quantify the effects of team morale on

performance, members attended the ATCAS DBT meetings with enthusiasm and

completed their supporting work on schedule.

This section of the text will be divided into three subsections. The first documents

experiences from initial ATCAS DBT meetings, identifying some of the challenges in
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establishinga DBT meetingformat and team memberroles. The second subsection
definesfamilieschosento classifydesignconceptsfor transportfuselagestructure. The
lastsubsectiondiscussesthethreestep ATCASDBTapproach.

3.1 Initial ATCAS DBT Meetings

Despite the common goal of each team member to strive for "low cost" design concepts,

initial ATCAS DBT meetings frequently ended in confusion. These sessions were the

first DBT meetings of any type attended by most participants and there was a tendency

for discussions to dwell on technical detail. This, coupled with the inherent desire of

most team members to present a potentially low-cost idea, led to very long meetings that

ended in exhaustion. It became apparent that (1) most issues would have to be

resolved outside meetings, and (2) the roles of individual team members needed to be
identified. As a result of the first item, it was decided that "action items" would be

assigned to individual specialists when stalemates occurred during meetings. The status

of unresolved issues were addressed at the start of each subsequent meeting.

The ATCAS design approach requires a large amount of research work by design,

manufacturing, cost analysis, structures, and materials personnel to help the DBT (see

Section 3.3). Supporting research was required to facilitate concept selection because

the innovative designs and advanced manufacturing technologies considered within

ATCAS were beyond the scope of existing Boeing databases. As a rule of thumb, 90%

of the work on the ATCAS DBT occurred outside meetings. Work statements and

schedules were established, enabling team members to understand their support

commitments. This resulted in more effective DBT meetings because members would

come prepared to resolve issues on the agenda.

Three DBT meeting formats were used for ATCAS. The first format updated schedules

and work in progress, including the assignment of new action items. The second,

reviewed manufacturing capabilities (Boeing or vendor) and/or tasks completed by DBT

members. The first two meeting types occurred most frequently, but attendance by the

full DBT was typically not required. Finally, a third meeting format, involving the full DBT,

was used for final concept selection. All the technical issues identified for a concept

were also reviewed during the final meeting. These technical issues helped to set

priorities on technology development and verification tasks.

Based on the complex cost relationships expected for composite transport fuselage,

significant contributions from each DBT discipline are needed to achieve desired total

cost savings. The initial burden was placed on manufacturing personnel to identify

efficient composite processes with potential for cost savings. In answer to this action, a

database was generated listing advantages and limitations of known composite
fabrication methods. Meanwhile, data obtained from existing cost analysis indicated that

cost centers were application specific. Much of the cost was found to be related to

selected design concepts, assembly issues, materials, and structural performance

criteria. Therefore, it was determined that efficient fabrication methods would only

achieve a portion of the desired cost savings.
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Eachdiscipline representedin the ATCAS DBTwas given a responsibilityin pursuitof
cost savings. The roles of design, manufacturing,cost analysis, and supporting
technologies(e.g., materialscience and structuralmechanics)are listed in Table 3-1.
Many of the responsibilitiesshownin this tableare dependenton other groupsefforts.
Therefore,a schedule that ensures timely completionof work tasks is critical to the
successof a DBT.

Group Responsibilities

Design

Manufacturing

Cost Analysis

Supporting Tech.

1. Organize, run, and document results from DBT meetings.

2. Establish the design envelope, configuration constraints,

and structural criteria (e.g., damage tolerance) applicable to

the concepts under study.

3. Create designs and provide formal drawings of fuselage

structural concepts to facilitate the development of

fabrication and assembly plans. The drawings are intended
to ensure consideration of details characteristic of real

fuselage structure.

1. Develop and maintain a database on fabrication and

assembly processes. This includes information on process

rates, efficiencies, capabilities, and limitations.

2. Formulate process and assembly plans best suited for

specific design concepts under study.

3. Work with supporting technologies to incorporate cost

constraints in design tools.

1. Project the fabrication and assembly costs of design

concepts using detailed manufacturing plans.

2. Document the cost centers and assumed technology

developments for each concept.

3. Develop and calibrate cost models which will expedite future
cost estimates.

1. Perform analysis to support concept development.
2. Create and maintain a material database. This will include

projected costs, properties, advantages, and limitations.

3. Develop design tools which enhance the concept selection

process.
4. Determine the effect of specifications and

design/manufacturing criteria on performance versus cost

relationships.

Table 3-1: Group Responsibilities in Support of DBT Activities
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3.2 Definition of Design Families

The design concept chosen for a given application is thought to have a significant effect

on costs. For example, some designs add unnecessary costs to the fabrication process

by reducing the benefits of potentially low-cost materials or manufacturing processes.

Certain design details may even be impossible to fabricate, in which case, costly design

changes are required. The cost of such changes become high if they are identified late

in the design/manufacturing cycle. A DBT strives to modify concepts early in the design

cycle to minimize costs. Any design variations must be made within constraints imposed

by the structural configuration (e.g., door and window locations) and systems
requirements (e.g., electronics).

Trade studies on the effect of design concept on cost and weight started early in ATCAS

with the definition of "Design Families" for fuselage structure. Initially, 30 design

concepts were presented by the design group. Following brainstorming by the DBT, the

number grew to a total of 159. Many of the characteristics of these designs were similar,

allowing them to be classified in families. The families were defined by isolating features

with unique manufacturing cost characteristics. The ATCAS manufacturing personnel

played the lead role in segregating concepts.

Rationale for defining design families in ATCAS was related to the need for an efficient

method of performing cost and weight trade studies. While it was desirable to study as

many designs as possible before concept selection, two factors limited the number that

could be reasonably evaluated. First, the time used in selecting concepts (designs,

materials, and manufacturing processes) was restricted by hardware development and

verification schedules. Second, significant amounts of information (detailed designs and

manufacturing plans) were required to make accurate cost estimates. Design families

are used in ATCAS to minimize the number of concepts considered in the trade study.

The selection process starts with a limited number of design evaluations to identify the

family with greatest potential for cost and weight savings. A more detailed optimization

can then be performed within the selected design family. This global/local design

optimization approach is described more fully in Section 3.3.

Eight families of design concepts were defined for ATCAS fuselage structures.

Illustrations and a short narrative description that indicates the unique features of each

family are given in the following subsections.
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3.2.1 Family A: Skin-Stringer-Frame (Mechanically Fastened Stringers and
Frames)

Family A represents concepts traditionally used in metal fuselage structure (see

Figure 3-2). All stiffening and frame elements for Family A are mechanically fastened,

as opposed to the bonding included in other families. The increased part count,

additional fasteners, complicated assembly tooling, and assembly labor are expected to

add significant costs to design concepts in this family. Advantages to Family A may

include simplified cure tooling, Iocational tolerance control, and smaller part size

resulting in reduced costs for rejected parts. Based on the current higher material costs,

it is unlikely that Family A will be cost-effective for composites when compared to
equivalent metals structure.

Figure 3-2: Representative Design Concept from Family A
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3.2.2 Family B: Skin-Stringer-Frame (Bonded Stringers)

Family B represents concepts that have received considerable attention for composites

(see Figure 3-3). Unlike Family A, the stiffening elements for this family are bonded to

the skin reducing part count and assembly costs. Frame elements for Family B remain

mechanically attached. Disadvantages of Family B in comparison to Family A include a
more complicated cure process and potential loss of Iocational tolerance control at

circumferential splices. The experience base with this design family make it one of the

lowest risk families for composites.

Figure 3-3: Representative Design Concept from Family B
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3.2.3 Family C: Skin-Stringer-Frame (Bonded Stringers and Frames)

Family C represents concepts that trade assembly and fabrication costs (see Figure 3-4).

Both stringers and frames are bonded to the skin in this family, greatly reducing part

count (e.g., clips or shear ties) and element assembly costs. Disadvantages of Family C

in comparison to Families A and B include more tooling and bagging, and potential loss

of Iocational tolerance control at both longitudinal and circumferential splices. The lack

of experience base with this design family makes it one of the higher risk families for

composites.

Figure 3-4: Representative Design Concept from Family C
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3.2.4 Family D: Sandwich

Family D represents core (e.g., honeycomb or foam) stiffened structure which, from a

manufacturing standpoint, have proven to be cost effective when compared with

discretely stiffened skin concepts (see Figure 3-5). The ability to reduce part count,

simplify panel geometry/layup, and automate fabrication are some advantages of core

stiffened laminates. Disadvantages include difficult panel splices, Iocational tolerance

control for bonded frames, and complicated repair procedures. The experience base

with this family is primarily with minimum-gage secondary structures.

Figure 3-5: Representative Design Concept from Family D
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3.2.5 Family E: Corrugated

Family E represents concepts similar to Family D (sandwich) with the exception that a

more involved process is anticipated to layup the corrugations (see Figure 3-6). It is not

likely that Family E would be chosen over Family D unless structural requirements (e.g.,

impact damage resistance) suggest the need for corrugations in lieu of a breakthrough in

the honeycomb or foam technology areas. Additional costs for corrugations appear in

the areas of cure tooling, mandrel extraction, and laminate inspection. Development of

an innovative low-cost fabrication process could make corrugations cost competitive with

traditional sandwich core types.

Figure 3-6: Representative Design Concept from Family E
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3.2.6 Family F: Geodesic

Family F represents grid stiffened concepts such as orthogrid or isogrid that are

inherently robust because of multiple load paths (see Figure 3-7). Due to a lack of

experience with this type of structure in commercial transport applications, the

manufacturing advantages and disadvantages are not well understood. Potential

advantages are defect insensitivity, reduced part count and lower element assembly
costs. Disadvantages appear to be complicated cure tooling and panel splicing

difficulties. One significant technical issue affecting the cost of this family is whether or

not frames would be required with the grid geometries. The lack of experience base with

geodesic structure make it a high risk family.

Figure 3-7: Representative Design Concept from Family F
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3.2.7 Family G: Integrally Stiffened Skins

Family G represents a variation of the skin-stringer-frame families, obtained by

integrating the skin and stringer flange (see Figure 3-8). The integral stringer flange area

may be beneficial for some structural applications. Although many of the advantages

and disadvantages of Family G are similar to those of Families B and C, the potential

fabrication methods are sufficiently different to warrant the separate classification. An

innovative fabrication process using unique tooling concepts may be very cost effective

for some designs within Family G.

Figure 3-8: Representative Design Concept from Family G
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3.2.8 Family H: Continuous 360 °

Family H represents a variation to any of the other families in the form of a 360 °, one

piece shell, concept that eliminates longitudinal splices (see Figure 3-9). The one piece

shell carries the obvious advantage of further part count reductions and simplified

assembly tooling. Complications are likely to occur in the areas of cure tooling, control

of aerodynamic surface finish, and mating of one cured shell to another. Development of

a 360 ° concept can take place only after the complexities of the window belt, passenger

door and keel beam area are better understood. Shell fabrication will require the

application of compatible processes which can accommodate the unique requirements of
those areas.

Figure 3-9: Representative Design Concept from Family H

3.3 Three Step ATCAS DBT Approach

The ATCAS program considers design details in order to select concepts that will lead to

cost savings for the assembled structure. Design of individual elements (e.g., stiffened

skins, frames, splices, clips, and attachments) can have a significant effect on both
fabrication and assembly costs. A design that includes details of the attachment of each

element is also critical, due to numerous interactions. For example, a concept from
Family H (Continuous-360 °) may appear to greatly reduce the outer shell fabrication and

assembly costs; however, the remaining assembly costs due to adding design details

(e.g., stiffening elements, window frames, door structure, and floor structure) may
eliminate any potential cost advantage.

Hardware design efforts are normally constrained by time. As discussed earlier, all DBT

members collaborated to develop a three step design approach suitable for the ATCAS

program. One highlight of this approach is allocating DBT time early in the design cycle
to include structural details in cost estimates. As a result, more complete cost estimates
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are available to evaluate concepts before committing to hardware development and

verification tasks. Although this adds time to the design process, the total time needed

to apply the three step approach can be constrained to meet a specific program

schedule. For example, time can be shortened by reducing the number of design

families considered in Step #2 and/or the extent of element optimization in Step #3.

3.3.1 Step #1: Baseline Concept Selection

The first step in the ATCAS design process, is the selection of a "baseline" concept (i.e.,

a design family and associated manufacturing process) for each fuselage area. Baseline

concepts are selected without the aid of detailed cost and weight estimates, and are

therefore, considered a conceptual starting point. Design personnel support this DBT

effort with conceptual sketches, while manufacturing personnel project cost-effective

fabrication and assembly processes. A limited amount of mechanics and materials

support is also used to estimate the performance of baseline structures. During the

formulation of baseline concepts, features are altered whenever they are judged to add

costs or lead to unacceptable performance.

The selected baseline concepts are those judged to have the greatest potential for cost

savings, combined with an acceptable risk. The risk relates to projected achievements

in manufacturing and structures technology during the length of the ATCAS contract. In

addition to selecting design concepts for more detailed study, the ATCAS baseline

design step identifies critical manufacturing and performance issues that are expected to

drive the design.

Baseline concepts provide the starting point for other technology tasks in ATCAS. Cost

and weight trade studies, which constitute the second design step, initially consider the

design details and assembly issues of the baseline concept. The baseline concepts will

also be the first manufacturing demonstration panels built for each quadrant. Finally,

critical mechanics and materials issues associated with baseline concepts trigger initial

supporting technology developments. Section 4 of this document will discuss the

baseline concepts selected for the ATCAS program.

3.3.2 Step #2: Global Optimization

The objective of this design step is to use detailed drawings (i.e., integration of all

elements, including panel splices) and cost analysis to compare the baseline concepts to

other potentially low-cost concepts and the aluminum counterpart. This step may be

termed a "global optimization" effort in which sufficient detail (e.g., preliminary design

values) is considered to determine significant cost differences between the concepts

studied. The scheduled order of global optimization studies for different areas of the

fuselage in ATCAS is crown, keel, and window belt. The completed efforts with the

former are documented in Section 5 of this report. The results for other areas are

scheduled to be completed and documented by the end of Phase A (October, 1991).
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Resultsfromglobaloptimizationstudiesinclude:

1. Quantitativerankingof designfamiliesstudied.
2. Identificationof costcentersfor higherrankingconcepts.
3. Definedandprioritizedlist of technical/economicissuesand barriers.
4. Identificationof parametersthat controlconceptresponse.

These results initiate final developmentand verificationtasks. Cost data justifies the
selectionof a familyof conceptsfor the moredetailedstudieswhichattack cost centers
(the third design step). Manufacturingand supportingtechnology activities are also
updatedto addressspecificissuesrelatedto theselectedconcepts.

Designefforts in global optimizationstart with identificationof the design envelope
includingpanel size, loads,configurationconstraints,and performancecriteria. Work
thenbeginsondetaileddesignlayoutsof the baselineconcept. Supportingtechnologies
provideinitial designvalues (e.g.,preliminaryelastic moduliand allowablestrengths)to
assistpaneland elementsizing efforts. Althoughthe best availabledesign valuesare
usedfor initial sizing,the accuracyof performancepredictionsduring this designstep is
not critical. Approximatesizes and structurally sound load paths are the primary
concern. The key to global optimizationis to estimatecost and weight with enough
accuracyto justify moredetailedstudieswitha designconcept. All designelementsand
assemblystepsaffectingcost are consideredin global optimization;however,concerns
aboutsmall differencesin part size neededfor adequateperformanceare left for local
optimizationstudies,whena morecompletedatabasebecomesavailable.

The DBTalso selectsa limitednumberof alternativeconceptsfrom design families for
cost and weight comparisonswith the baseline concept. In order to promote a fair
comparison,each alternative concept evaluated must also have a corresponding
detaileddesignlayout. As with baselineconcepts,additionalDBT selectionsare made
basedon structuralrequirementsandthepotentialfor manufacturingcost savings.

The completed design layouts contain information needed to generate detailed
manufacturingplans. Processand assemblyplansare developedin parallelwith DBT
effortsonspecificdesignfamilyconcepts. The plansprovidethe necessaryinformation
for cost evaluationof design conceptsduring global optimization. The cost modeling
workhelpsto identifycriticalmanufacturingcostcentersfor processdevelopmentefforts.
Therefore,assemblyand processplans,initiallyproducedto supportthe DBT activities,
eventuallyyielddata to guidemanufacturingprocessdevelopmentindirectionsthat have
thegreatestimpactoncosts. This interactionis showninFigure3-10 asa flowdiagram.
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Design Concepts

........................... Global Optimization

Manufacturing Technology

:_ii_ _ Candidate Manufacturing Processes

Assembly Plans

Process Plans

Selections for Manufacturing Development

Optimized Assembly Plans

Manufacturing Demonstration Panels

Figure 3-10: Interactions Between Manufacturing Development and
DBT Efforts

A cost estimate is the next stage of global optimization. As a previous study points out

(Ref. 3-1), cost predictions are strongly dependent on the accuracy of inputs. The

manufacturing process and assembly plans are used to develop cost estimates. They

define the tooling and recurring material requirements for each process. In-house

historical data and vendor-supplied estimates are used to define machine capabilities,

process limits, and costs of materials and individual operations. Process variables, such

as learning curves, shop variances, and labor standards, are also generated from

historical and vendor-supplied data. Detailed costs for each operation are then

generated, and summed to provide various levels of cost visibility.

The detailed cost estimates are used to calibrate the complexity factors used in a

parametric cost model (G. E. PRICE, Ref. 3-2) for each fabrication and assembly

process. During global optimization, a wide variety of processes are evaluated on a

variety of structural-members types. As sufficient calibration for a specific process is

obtained, the parametric approach replaces the detailed analysis for that process.

Several ground rules were used for cost estimates developed in ATCAS. Some of these

are based on the recommendations of participants at NASA Advanced Composite

Technology (ACT) cost workshops. A description of the ground rules are given in
Table 3-2.
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General: The cost estimate used the detail definitions produced by the DBT,

and further discussions between manufacturing engineers and the estimating

group. An automated factory was assumed for definition of equipment and

tooling. Focus was on the reduction of part handling and the combination of
operations where beneficial.

Recu rrin.q:

. Production is based on a total of 300 shipsets at a rate of 5 shipsets per
month.

2. Labor is estimated at the detail process level.

. Machine times are based on performance data provided in the automation
plan.

. Material is based on total area or volume required to produce a part,
including an appropriate process-based utilization rate.

5. All costs are based on 1995 dollars.

6. Recurring labor wrap rate is assumed to be $100/hr.

Nonrecurrin,q:

1. Rate tooling is included to support a monthly rate of 5 shipsets.

2. The estimate assumes that all innovative ideas created for technology of
1995 will be obtainable.

3. The estimate assumes a dedicated facility and equipment to minimize
factory flow and hand labor.

4. Capital equipment costs are not included.

5. Nonrecurring labor wrap rate is assumed to be $75/hr.

Table 3-2: Ground Rules for ATCAS Cost Estimates

As discussed earlier, several design concepts are considered during the course of global

optimization. Due to the detailed information required for cost estimating, the number of

concepts evaluated is limited by the available time. The ATCAS crown global
optimization considered six design concepts, two from each of three families, over a

period of six months (see Section 5 of this report). More complicated designs such as a

keel or side panel may not permit as many alternative concepts when constrained by
similar time periods.

Several secondary advantages to the global optimization design step have been noted to

date during applications with crown panels in ATCAS. First, an inherent system to check
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the accuracyof cost and weight estimates occurs when comparing results from several

designs. For example, disparities in results become evident when attempting to make

sense of the differences between designs. This is particularly helpful for the detailed

cost estimates which involve tedious accounting tasks where errors are possible during

data entry and plotting. The consideration of more than one design for each family has

also been found useful when interpreting a families' cost sensitivity to design, material,

and process variables. The resulting global optimized decision to concentrate on a

particular family during the final design step is based on both (1) concept cost and

weight estimates, and (2) potential for further reducing costs as indicated by trading

variables within a family.

The complete approach taken in global optimization is illustrated schematically in

Figure 3-1 1. In summary, the DBT selects concepts that are designed in sufficient detail

to develop manufacturing plans and, subsequently, cost and weight estimates. A

comparison of costs for alternate concepts will form the basis for selecting a design

family best suited for local optimization. Even before local optimization, variables (e.g.,

frame processing methods) can be traded between designs to judge the family with

greatest potential for low cost and weight. This additional level of interpretation was

found critical for the crown study described in Section 5 of this report where the global

optimization results did not delineate families to the extent idealized in Figure 3-11.

O
o

Cost/Performance Results

767-X

o

Weight

t
1

_! Cost and Weight

I Estimation

Figure 3-11: Global Optimization Design Step
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3.3.3 Step #3: Local Optimization

The third and final step in the ATCAS DBT approach uses a high ranking concept

selected from global optimization studies in a concentrated effort to optimize element

design. This may be termed a local optimization of design family elements (e.g., skin,

stiffener, frame, etc.) that considers how changes to the design impact cost centers in a

global sense (i.e., the assembled structure). Typical variables for local optimization

include those considered by designers in configuration development (e.g., skin layup &

thickness, stiffener geometry, material type, and manufacturing process).

The results from global optimization trade studies (Step #2) are used to establish cost

constraints on local element optimization. When considering assembled structure, the

total cost trades may be complex. Figure 3-12 shows an example of complex cost
trades that became apparent in ATCAS studies involving two different stiffener

geometries.

Stiffener Variable Design Cost Trade Study

= Design is a function of loading levels

• Hat stiffeners can be spaced farther apart (fewer needed)

• Hat stiffeners are more complex to splice (more expensive)

• Hat stiffeners have less complex tooling (less expensive)

I= I-= =I
Stiffener spacing Stiffener spacing

A trade study on the interactions of the following must be made:

cost of manufacturing the individual stiffener
the number of stiffeners required
cost of splicing the ends of the stiffener
cost of assembling the skin and stiffeners

Figure 3-12: Examples of Assembly and Process Cost Constraints
Discussed in Crown DBT Meetings

Ideally, software can be developed to aid the local optimization process. Such

engineering tools must consider multiple load cases, damage scenarios, and numerous

structural and cost constraints characteristic of real world applications with composites.

These conditions suggest an optimization algorithm capable of handling discontinuous

functions. One such method under investigation in ATCAS is a sequential random

search technique (Ref. 3-3). This technique is an improvement over more conventional
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optimizationalgorithmsthat use local derivativefunctionsto locate the minimum. For
example,derivativebasedmethodsmayconvergeto an apparentminimumrather than
the absoluteminimum. Becausethe randomsearch techniquedoes not rely on local
derivatives,discontinuousfunctionscommonin compositestructures(e.g., discreteply
thicknessesand stacking sequences)can be used in the formulationof optimization
constraints.

Severalotheractivitiesarescheduledto supportthe structuraldesigneffortsduringlocal
optimizationin the ATCAS program. Manufacturingprocessand assemblytrials are
usedto explorenewtechnologieswhichcouldhelpto reducethe projectedcost centers
fromglobal optimization. In addition,the potentialfor reducingmanufacturingcostswith
automationand processefficiencyare exploredthroughindustrialengineeringplans of
enhancedmachinedesignand factorylayout,respectively.Experimentaldata baseson
the mechanicalperformanceof alternative,low-cost materialsare also generated to
incorporatethemin localdesignsizingexercises.

An illustrationof the localoptimizationprocessappearsin Figure3-13. In summary,the
final design step involvescomprehensivemanufacturingand supporting technology
studies by the DBTto furtherreducethe cost andweightof a globallyoptimizeddesign
family. Detailedcost analysisof the locallyoptimizedconceptwill help to validate the
final selection.

767-X

(Aluminum)

(J

w°k Family X

Local Element (e:g_, Stiffenbd

Panels;Frames) Design OptimiZer

I With Cost & Mechanics Constrai_

Figure 3-13: Local Optimization Design Step
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At the time of report preparation, the ATCAS program had just initiated local optimization

with crown panels. As a result, experience-based recommendations on applications of
Step #3 in the design process can not be made at this time. However, additional cost

and weight savings potential were apparent following a review of results from the

globally optimized crown studies (see Section 5). For example, visibility of the cost

centers for a concept precipitates the DBT task of minimizing cost in more detailed
studies.
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4.0 ATCAS BASELINE CONCEPTS

Baseline concept selection in ATCAS occurred over a period of six months. Concept

development was initiated by a DBT subcommittee consisting of four members: (1) a

designer with fuselage experience, (2) structures/materials analyst, (3) manufacturing
process specialist, and (4) assembly advisor. Each member of the subcommittee also

consulted other expertise as deemed necessary. In addition, each baseline concept

proposed by the subcommittee was reviewed with the full ATCAS DBT prior to final

selection. This helped to complete a list of major economic and technical issues

associated with each concept.

Baseline concept selection constituted the starting point in ATCAS design studies for

keel and window belt (side) panels. The scheduled completion date for baseline concept

selection coincided with the end of global optimization for crown panels. This allowed

the keel and window belt panel baseline decisions to benefit from cost and weight trade

studies conducted for crown panels.

4.1 Quadrant Panel Definition

The number of panels that comprise a section of the fuselage was limited to four

"quadrants" in ATCAS. The crown, right-side, keel, and left-side quadrants are

illustrated in Figure 4-1. Quadrants were used in ATCAS to reduce manufacturing costs

in two ways. First, large quadrant panels minimize the number of longitudinal panel

splices. Second, the baseline fabrication method chosen for panel skins (advanced tow

placement) is suitable for efficient batch processing of quadrant segments.

Figure 4-1: Exploded Circumferential View of Fuselage Quadrants.
Note That Each Quadrant Panel Is 374 In. Long
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Figure4-1showsthat thearc lengthsof individualfuselagequadrantsare unequal. This
was done to allow batch processingof individual quadrants. Crown, keel and side
quadrantsare producedin differentbatchesdue to distinctlydifferentlaminatelayupand
thicknesstailoringrequirementsin eachquadrant(e.g., increasedthicknessnear doors).
Skin thicknesscompatibilitybetweenadjacentsegmentsmust be maintainedwhen tow
placingmultipleskinpanelsaroundthecircumferenceof awindingmandrel.

Figure 4-2 illustrates the number of manufacturingsegments produced in a batch
processfor each quadrantof the fuselage. Note that the figure idealizesthe mandrel
cross-sectionas circular. Actualmandrelshape includesa joggle at the edgesof each
quadrantpanel (e.g., quarter points for crown panels) to allow for the geometry of
longitudinalsplicesand cuttingwaste.

4 Crown Skin Panels

(Limited Amount of Thickness Tailoring)

2 Left and 2 Right Side Panels

10 Keel Skin Panels
(LargeAmountof ThicknessTailoring)

(ThicknessTailoring from T¢ ) to Bottom and at Doors & Windows)

Night Bottom _

Left Bottom J_.. Larger Radius (160 in.)
Left //_ to Yield 4 Panels

Right ;._._ j of Sufficient
_ Arc Length

Figure 4-2: Circumferential View of Advanced Tow Placed

Manufacturing Segments

The limited amount of thickness tailoring required in the crown quadrant results in the

highest machine layup efficiency when producing crown baseline skins. Each tow

placement wind for the crown matches right to left edges and yields a batch of four

uncured laminated skin panels. This technique required design constraints that forced

the laminate configurations (thickness tailoring, layup) along the left and right edges of

the panels to be identical.
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Keelquadrantsare relativelysmalldue to a configurationconstraintimposedby a cargo
door on the right side. Each towplacementwindfor the keel quadrantmatchesright to
left edges and yields a batch of ten uncuredlaminatedskin panels. The considerable
amount of thicknesstailoring requiredfor loadredistributionin the keel panel reduces
machineefficiency;however,someof this willbe offsetby the large numberof shipsets
perwind. Aswith the crown,a designconstraintwill be imposedon the keelquadrantto
ensure right-left symmetry and, hence, compatibilityof the tow placed manufacturing
segments.

Two shipsetsof skins for rightand left side quadrantsare woundon the same mandrel
duringeach tow placementwind. An even numberof panelsare required,as explained
in the followingparagraph. As a result, the mandrelfor producingside panelswill be
somewhatlargerthan that usedfor keelor crownquadrantsinorderto producea totalof
four panels of sufficientarc length in a singlewind. Thicknesstailoring and the small
numberof shipsetsper wind for side panelsare expectedto impactthe manufacturing
costs.

As shown in Figure 4-2, both side quadrantsare wound on the same mandrel by
matching"Left Top" to "Right Top" and "Right Bottom"to "Left Bottom". This will be
implementedby constrainingside paneldesignsto havecompatiblelaminatelayupsand
thicknesses at the two top longitudinal splice locations and, similarly, concurrent
laminateconfigurationsat the two bottomsplices. Compatibilitywill force rightand left
panel layups at longitudinalsplicesthat differonly in the sign of angle plies. Due to
differencesin right and left door locations,panel laminateconfigurationsaway from
paneledgesare notconstrainedto be identicalon thetwosides.

Additional motivationfor combining right and left baseline panels in the same wind
relatesto largeweightandcost penaltiesfor towplacingthem separately. For example,
a heavypanelwould resultwhen enforcinglaminatethicknessand layupcompatibilities
betweentop and bottomedgesof thesameside. In orderto matchtop or bottomedges
of the sameside duringwinding(e.g.,"LeftTop"to "LeftTop"), laminatevariableswould
need to be constrainedsuch that a forward-to-aftsymmetry existed. This would be
weight inefficientconsideringdoor design detailsand forward-to-aftvariationsin load.
With materialsa significantcostcenter,weightefficiencyis oftendirectly relatedto cost
savingsfor a particularmaterial.

4.2 Baseline Concept Descriptions

The most critical fabrication and assembly details (e.g., doors and keel beam splice)

were considered during baseline concept selection. This led to design family selections

having features that are compatible with design details and, hence, reflect cost and

weight savings of the real fuselage. The same was done for the baseline manufacturing

processes which were selected to maintain efficiency for the most costly design features.

Finally, designs and processes were chosen with a strong potential to be demonstrated

via manufacturing large fuselage subcomponents by 1995.
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4.2.1 Crown

As mentioned earlier, schedules allowed crown baseline selection to occur following

global optimization. Therefore, detailed cost and weight estimates substantiated the

choice. Note that Section 5 of this report documents these crown studies.

A design concept from Family C (skin/stringer/frame with bonded stringers and frames)

was chosen as the crown baseline. Figure 4-3 illustrates a representative area of the

crown baseline quadrant. Frames are mouse-holed to avoid a complex bonding detail

with the hat shaped stringers.

TEXTILE PREFORM/RTM FRAMES COBONDED TO SKIN

OCURED TO SKIN

ADVANCED TOW PLACED LAMINATE SKIN

Figure 4-3: Crown Baseline Design Concept and Fabrication
Processes

Skin panels constitute the bulk of crown quadrant weight. Computer automated

advanced tow placement will be used to manufacture the skins. Cost results for crown

panels studied in global optimization indicated that the labor for tow placing quadrant

laminates was less than 20% of the material cost. Additional cost advantages include

the projection that prepreg tow will have significantly lower cost than prepreg tape in

future years.

Additional crown baseline elements include cocured hat stringers and cobonded J

frames. A contoured tape lamination machine (CTLM) will be used for stringer ply layup.

A hot drape forming process will then be used to shape the hat stringers. Textile

preforms (2-D) in a J-shape will be resin transfer molded (RTM) to form curved frames.

The frames will have sufficient thickness to account for stress concentrations at the

mouse-holes. Finally, the precured frames will be cobonded to the uncured skin and

stringers to complete fabrication of full crown quadrant segments (= 192 in. by 374 in.).

Additional features of the manufacturing process will appear in Section 4.3 of this report.
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4.2.2 Window Belt (Side)

A variation of design concepts from Family C (skin/stringer/frame with bonded stringers
and frames) was chosen as the side panel baseline. The variation includes door and

window design details. Figure 4-4 illustrates the window belt area of the side panel

baseline. A skin/stringer/frame desiqn family was chosen to facilitate design details at

TEXTILE PREFORM/RTM FRAMES
COBONDED TO SKIN

%_ CTLM/DRAPE FORMED STRINGERSCOCURED TO SKIN

ADVANCED TOW PLACED
TAPERED LAMINATE SKIN

TEXTILE PREFORM/RTM WINDOW
FRAME COBONDED TO SKIN

Figure 4-4: Side Baseline Design Concept and Fabrication
Processes Near the Window Belt

Skins for both side quadrants will also be produced in a batch tow placement process as

described in Section 4.1. The skin thickness of side quadrants is close to minimum gage

approaching the lower edge of the crown and relatively thick near the upper edge of the

keel. Increased skin gages also occur locally near doors and windows. Automated

batch processing and the significant amounts of ply tailoring possible with the advanced

tow placement method led to its selection for the side quadrant.

Side baseline elements include cocured stringers and cobonded frames. The stringer

and curved frame geometries will be established after more comprehensive design

studies in global/local optimization. Baseline processes and material forms for both

these elements are the same as described for the crown. The window frame inserts will

be textile preforms fabricated in an RTM process. Finally, the precured frames

(circumferential and window belt) will be cobonded to the uncured skin and stringers to

complete fabrication of full side quadrant segments (each side = 251 in. by 374 in.).
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Circumferentialframesare mechanicallyattachedto window belt frame insertsat their
intersection.Additionalfeaturesof themanufacturingprocesswill appearin Section4.3.

4.2.3 Keel

A variation of design concepts from Family D (sandwich) was chosen as the keel

baseline. The variation includes a thick laminated plate to replace (panelize) the discrete

keel beam chords. The thick plate gradually transitions into a sandwich panel as axial

compression loads are distributed into the monocoque aft of the section splice. The

sandwich face sheets have tapered thickness in the transition zone. Figure 4-5 shows

the heavily loaded end of the keel panel baseline near the section splice.

AFT END OF FUSELAGE SECTION

TEXTILE PREFORM/RTM FRAMES AND
FLOOR SUPPORT STRUCTURE

ADVANCED TOW PLACED TAPERED
LAMINATE/SANDWICH PANEL

THICK LAMINATE

Figure 4-5:

TEXTILE PREFORM/RTM INTERCOSTALS FOR
STABILITY AND CARGO FLOOR SUPPORT

Keel Baseline Design Concept and Fabrication
Processes

This innovative panelized concept was chosen for the keel quadrant baseline for several

reasons. First, it avoids problems in fabricating and splicing two large composite keel

chord members with rectangular cross-sections on the order of 6 in. by 2 in. For

example, large fastener hole diameters needed to mechanically splice discrete

composite chord members of this size would cause a significant knockdown on the

allowable strength. The panelized concept simplifies this problem to some extent. The

blended thick laminate/sandwich construction also yields a constant gage panel that

avoids problems in attaching frames and other floor support structure to the keel panel
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(e.g.,bondedframesheartieswouldbedifficultfor a moretraditionalskin/stringerdesign
havingskinswithconsiderablethicknesstaper).

Facesheetsfor the keel panel will also be produced in a batch tow placement process as

previously described in Section 4.1. Again, automated batch processing and significant

amounts of ply tailoring possible with the advanced tow placement method led to its

selection for the keel quadrant. The sandwich core will be machined with a constant

taper to keep the keel panel at a constant gage as facesheet plies are dropped. The
material form used for core will be selected during global/local optimization.

Keel baseline elements include intercostals and full-depth frames. Both these elements

serve two purposes; (1) overall panel stability and (2) cargo floor support. Note that
intercostals are discontinuous at the frames. The intercostal and frame geometries will

be established after more comprehensive design studies in global/local optimization.

Textile preforms with an RTM process will be used for both. The frames and intercostals

will be mechanically attached to shear-tied blade elements on the fully cured keel panel.

These blade elements will be cobonded to the keel panel during cure. Fully assembled

keel quadrant segments will each be small in comparison to side and crown panels (= 72

in. by 374 in.). Additional features of the manufacturing process will appear in
Section 4.3.

4.3 Projected Manufacturing Steps for Baseline Fuselage Section

As previously indicated, the majority of costs to fabricate a composite fuselage are

affected by early design/manufacturing decisions. A DBT can be used to make cost-

effective decisions and avoid downstream modifications. Past experience has shown

that design or fabrication modifications escalate costs. A robust design/manufacturing

approach can be used to minimize cost sensitivity.

The manufacturing/assembly plans for baseline design concepts use extensive

automation and quality control measures within each work station to satisfy the needs for

a low-cost assembled structure. Unique large panel configurations require a factory flow

process that minimizes the amount of material handling. The factory is divided into

seven major work stations (see Table 4-1 and Figure 4-6). The common goal of each

work station is to complete a task and minimize efforts required at subsequent work
stations.
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Work Station Activity

Tow Placement Center

RTM / Textile Center

Automated Tape Layup
and Drape Forming Center

Quadrant Subassembly

5. Cure/Cobonding

6. Inspection

7. Final Assembly

Skin fabrication

Frames, window belt, quadrant splice straps
fabrication

Stringer fabrication

Frame/stringer/skin assembly and
preparation for cure/cobonding

Quadrant panel fabrication

NDI for detail parts and cured panel

Longitudinal and circumferential splices

Table 4-1 : Factory Work Station AcUvitles

CELL FINAL ASSEMBLY CELL .,_
RTM/FEXTILE _0E ) _ ._;_. _

Figure 4-6: Full Factory Layout
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To eliminate manual factory process flow problems,automatedguided vehicle (AGV)
robotswill be usedto delivermaterialsand partsto the requestingwork station. Since
work stations are centered around a particular task or process, quality control is
maintainedby StatisticalProcessControl techniques. All precuredparts are inspected
priorto subassembly.Automationmustbeusedto decreasethe part in-lineinspection.

4.3.1 Tow Placement Center

The tow placement work station is a flexible robotic work cell for fabricating the crown,

side, and keel skins (see Figure 4-7). The output for a single head ranges from

10-50 Ibs./hr., depending on the design requirements. The output for the crown skin of

Design C2 (see Section 5) was found to be approximately 20 Ibs./hr. for a finished

uncured skin, which includes down time and ply tailoring. Although the tow placement

head has been demonstrated for a single head dispenser, additional heads that are

single or multiple task oriented may be implemented with the proper software

development. Since multiple head operations are interdependent, downtime or slower

head operation for one head decreases the payout efficiency of the other heads. An

alternative method to increase the payout rate is to increase the width of the placement

head, and therefore the band that is placed in a single pass.

TOW PLACEMENT ROBOTS

SIDE SKIN WINDING TOOL

SIDE PANEL LAYUP

AND CURE TOOLS

SIDE SKIN

CROWN SKIN WINDING TOOL

PANEL LAYUP

AND CURE TOOL

Figure 4-7: Tow Placement Work Station

The tow placement work cell also labels and cuts the quadrant panels. The skins are

then located onto a female cure mold with vacuum assistance and transported by the
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AGV. Locatorsareeitherattachedor cut into the skin for subsequentlocatingof curing,
trimming,inspectionandfinal assemblydetails.

4.3.2 RTM/Textile Center

The RTM work station (see Figure 4-8) is an integral detail fabrication station for

producing the baseline window belt frames, skin splices, and frames for all of the

quadrant panels. Repeatable dimensional accuracy is critical for cobonding of precured

RTM parts with curved skin panels. The tolerance requirements for the crown and side
panel frames are approximately +0.005 in. along the radius. The frames for the keel

panel are not as critical since tolerance pay-off can be realized at the mechanical joints.

Since the cobonded frames are considered as an integral part of the skin, fiber

architecture, resin, and cure cycle must be properly selected to minimize panel warpage

and bond joint voids.

NET FRAME TRIM MACHINE,x4k _'__

CROWN FRAIVIES, PY_.._'_ "3Y_<_#'_

NDFRAME ULTFblk-SOU

BRAIDERS BEING RELOADED 7
BRAIDERS IN OPERATION

f _. X'X_ ,/z-.._,-_

_I "_ _L _._Ji ;
TOOL PREP AND PART TRANSPORT _ ._ _,¢,_ ._"f_ k'-_ _'-'_I_ _''_" ":_

_,q!C_= i_ '(CONTINUOUS) BRAIDER

LoopSTATION

RTM STATION FRAME FOOT CHARGE

LOCATION STATION

qC TRIM STATION

INSPECTION MACHINE

Figure 4,8: RTM/Textile Work Station

The textile frame will use advantages of batch mode processing and braiding. When

considering RTM processing, resin flow is more dependent on the part length than on the

width. Batch processing by placing multiple frames side-by-side appears low risk since

the length over which the resin must be drawn is not changed. The frame preform is a

triaxial braid. A typical braiding machine (144 carriers) with a automated gantry system

can braid up to 4 ft./min, of linear double ply preform. The preform could be fabricated in

approximately 20 minutes for a 3-double ply preform that is 15' in length. Current braider
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configurationshave significantdown time due to spool size limitations. Large spool
sizes from 3-5 Ibs.can beachievedbyincreasingthe braiderdiameter. This can reduce
reloadingtimeby 90%.

Three full time braiderswould be required for producingfive shipsets a month. A
transfersystemsimilarto a conveyerbelt is usedto transferthe mandrelsto the braider
gantry system. The mandrelsare then braidedthrough three braiders in series. It
shouldbe notedthat a moreeffectiveratemaybe realizedby using individualbraiders
for each mandrel,pendingdowntimerates. A transfersystem loadsthe bottomflange
fabricand braidedmandrelsinto the moldcavity. After the RTMprocess,the elements
areseparatedandtrimmedin a dedicatedpartstrimmer.

The keel frames,windowbelt and quadrantsplicemembersuseprestackedfabricwith
batch mode processingsimilar to the frame fabrication. The flat splice straps are cut
from a largeRTMedpanel. Thekeel framewillalsohavea similarsystemto the crown
frames that will use stitchingor binder to form the "T" section of the flange. Actual
designand toolingconfigurationswillbedevelopedlaterin theATCASprogram.
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4.3.3 Automated Tape Layup and Drape Forming Center

The cocured stringers are fabricated at the work station shown in Figure 4-9. A robotic

work station is used to lay down the unidirectional material up to 100 ft./min, with 12 in.

wide tape to produce a large charge. The same gantry system is used to rough trim and

label the simple charges into the drape forming stringer charges. The individual charges

are automatically transferred to a multi-mandrel drape forming operation for net shape
forming and net trim. The individual charges and associated soft cure mandrel are

transferred either to storage or to the detail assembly work station. The soft stringer cure

tooling allows the stringers to conform to skin ply tailoring with minimal extraction

difficulty. This has been demonstrated on 50 ft. long hat stringers.

KEEL LAYUP AND CURE TOOL (OPTIONAL).. 7

/
CTLM --_

STRINGER CHARGE TRIMMED -._

HOT DRAPE FORMING STATION

HAT STRINGERS ._

GERBER TRIM (OPTIONAL)

STRINGER CHARGE

HAT STRINGERS TRANSPORTATION EQUIPMENT

Figure 4-9: Automated Tape Layup and Drape Forming Work
Station
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4.3.4 Quadrant Subassembly

This station locates and bags the skin, stringer, and frame panel for cure. The rotisserie

tool is designed to locate the individual detail parts for proper placement onto the skin

panel. The assembly is done in the reverse mode by first locating the pre-fitted reusable

bag onto the rotisserie (see Figure 4-10). The precured inspected frames are then

positioned into the bag with supportive cure tooling. Pressure pads are inserted into

each mouse-hole to provide stringer cure pressure underneath the frames. After the

pressure pads have been inserted, the hat stringer charges and cure mandrels are

positioned into the frame grooves. Adhesive is applied to the frame flanges and then the

whole subassembly is rotated and loaded onto the uncured skin. Because of the critical

nature of skin-frame interface, a frame contour inspection may be required after the

application of the adhesive.

In order to transfer the frame and stringer subassemblies to the skin, the rotisserie must

be able to hold them in an upside down position. This may be achieved with the use of

either vacuum assistance or conductive stringer mandrels in a magnetic field. Once the

subassembly is positioned onto the uncured skin, the rotisserie hard points must retract

without interfering with the located frames or stringers.

UNIVERSAL ROTISSERIE

PANEL ASSY FIXTURE

PANEL ASSY TOOL

REMOVAL AREA

FRAME LOCATION LEVEL --

STRINGER LOCATION LEVEL

CROWN PANEL

ASSY TOOL

PANEL ASSY

STORAGE

BAG APPLICATION LEVEL

LOAD/UNLOAD LEVEL

BAG STORAGE

Figure 4-10: Quadrant Subassembly Work Station
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4.3.5 Cure/Cobonding

The quadrant panels are sent to the autoclave (see Figure 4-11) and cured in a batch

mode. Only one autoclave (150 in. diameter x 100 ft. length) is required to provide the

five shipsets per month. Several batch mode scenarios are possible (Table 4-2),

providing scheduling flexibility.

AUTOCLAVE AUTOMATED

Au'rocL_VE o_°" i

,__'_; _ _S'II- _- KEEL PANEL LAYUP

II ANoCURETOOLS

LEFTSIDE PANEL LAYOP

AND CURE TOOL

Figure 4-11: Autoclave Work Station

Options No. of Panels per Autoclave Run

Crown Side Keel

21
2
3
4
5

1 2
2 2
4

8
2 4

Table 4-2: Autoclave Loading Options
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The autoclave work station will include cure monitoring capabilities to control panel

warpage. Warpage control by modified cure cycles may be required for large intricate

bonded panels to ensure low void content, resin flow control, minimal temperature

gradients within the tools and autoclave.

4.3.6 Inspection

The inspection work station that uses nondestructive test equipment is shown in

Figure 4-12. All parts are inspected following cure steps. As a result, frames are

inspected after RTM processing and the skin-to-frame bond is checked following panel

cure. A large immersion tank is used for pulse echo inspection of the skin, frames,

stringers, and element-skin bond lines. The immersion tank will use multiple heads that

are specific-task oriented. Inspection techniques for braided structure cobonded to

laminate skins will be required.

QC/TRIM ROBOT

ULTRA-SOUND INSPECTION

ROBOT

PANEL TRIM AND DETAIL LOCATION

VERIFICATION CELL

ROBOTIC TOOL STORAGE

JLTRA-SOUND INSPECTION CELL

Figure 4-12: Inspection Work Station
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4.3.7 Final Assembly

The final quadrant assembly station (see Figure 4-13) uses an automated fastener

installation machine and a gantry system to locate quadrant panels with respect to one

another. Once the quadrant panels are aligned, a double multi-task head (inner and

outer skin heads) drills the hole, inserts and tightens the fastener through the two

overlapping skins and stringer flange. It requires approximately 15 seconds to install a

fastener. Time cycle may be decreased by multiple heads working simultaneously. The

heads use the attached blade stringer for positioning along the length of the longitudinal
splice member. One design feature that allows easy access for fastener installation is

the termination of frames prior to the panel edge.

(TANDEM) INNER AND OUTER

DRILL/FASTENING ROBOTS

LEFT SIDE PAN _-_ /- RIGHT SIDE PANEL

'-'_---KEEL PANEL /

8e 7

--_ ° O0

"_'_ ONSTANT 46 SECTION

Figure 4-13: Final Assembly Station

After the panels have been fastened along the longitudinal splice, the frame splices are
installed. The splice plates are selected based on tolerance data obtained at the
inspection station.

The circumferential assembly of adjoining sections requires that nearly seventy hat

stringers around the circumference be aligned for proper fit-up. To minimize

misalignment, hard curing tools can be used to control hat stringer end tolerance during

cure. This adds some complexity to the bagging and cure process but reduces

downstream major-assembly costs. Another alternative to handle stringer misalignment

4-16



is the use of innovative stringer splices that have the flexibility to permit misalignment
without sacrificing load transfer efficiency. These designs will be evaluated.

The assembly of the circumferential splices requires that the assembly jig locate the two

sections while the inner splice plate is positioned. Similar to the longitudinal splice

assembly, the robotic head drills through the splice plate and quadrant panels, then

installs the fasteners. The stringers splices are then located and checked for shimming

on the top and flange areas of the hat. Inspection is required for the blind splice
fasteners.

4.4 Technical Issues for Baseline Concepts

The most critical manufacturing issue associated with baseline concepts selected for

ATCAS relates to final assembly. Crown and side panels have bonded stringers and

frames, while the keel panel is sandwich with bonded frames. Although each of these

design concepts eliminates element assembly steps and part count, they yield relatively

stiff panels. This may lead to potential problems with panel installation and section

joining. Figure 4-14 illustrates some of these issues on a diagram of the full crown

panel. Variations in Iocational tolerances of stringers and frames is critical to their

alignment at circumferential and longitudinal splices, respectively. Overall panel

warpage may also be an issue due to local unsymmetries at bonded elements. High

bending stiffness of the baseline panels will limit attempts to deform them into shape
prior to splicing.

The ATCAS program plans to address the manufacturing issues shown in Figure 4-14 in

several ways. First, analysis will be used to help predict panel distortions and select

robust design constraints (e.g., layups and element geometries which minimize the

problem). Element Iocational tolerances and panel warpage will be measured for parts

manufactured in ATCAS to judge the magnitude of the problem and confirm predictions.
Second, a considerable number of tests are scheduled to address the mechanical

performance of splice details. The effects of panel warpage and misaligned stiffening

elements and frames will be considered in these testing efforts. Innovative splice

concepts that minimize the effects of misalignments will also be designed and tested.

Another critical manufacturing issue is the control of fabrication processes to yield

quadrant panels of acceptable quality. Quadrant panel cost benefits assume that large

panels will not be rejected due to manufacturing defects. The ATCAS program will

address this issue by selecting robust designs and processes which minimize potential

problems due to fabrication anomalies. Analysis tools to accurately relate process

defects to resulting structural performance will be sought. Simple rework procedures will

also be considered to help avoid unnecessary scrapping of expensive parts.
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Figure 4-14: Assembly Issues for the Crown Quadrant Panel
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4.4.1 Crown

The fuselage crown area is the simplest quadrant in terms of design detail and

manufacturing complexity. A smaller number of technical issues are also associated

with the crown. Two critical manufacturing issues were discussed at the beginning of
Section 4.4. Other major issues for the crown baseline which will be addressed in
ATCAS include:

. Hoop tension damage tolerance of panels with large penetrations. This issue

encompasses failsafe pressure loads. The most critical damage geometries for

hoop loading are expected to be slender notches oriented along the longitudinal

axis (e.g., Ref. 4-1). The effectivity of bonded frames as "tear straps" needs to be

determined. The scenario of a penetration that severs a frame and skin must also
be studied.

. Axial tension damage tolerance of panels with large penetrations. This issue

encompasses failsafe fuselage bending loads. The critical damage geometries for

axial loads are expected to be slender notches oriented along the circumferential

axis and severing a stringer. Both hoop and axial tension damage tolerance in the

crown are expected to yield lower strengths for unidirectional loading cases. For

example, biaxial tension in composites tends to yield higher failure loads due to a

Poisson effect that reduces ply stresses (see Ref. 4-2). However, the complex

stress distribution near a hard point could be most severe (i.e., notches that sever

a stringer close to the hard point intersection of a frame).

. Axial compression stability of panels with and without damage. The reversed

fuselage-bending load condition for crown panels yields maximum axial

compression loads that are approximately 40% of the tension case. Euler panel

stability is an issue for this load case due to minimum gage skins which are

allowed to buckle. The post-buckled performance of the panel must be

demonstrated with and without damage. A worst case condition may involve

impact damage in the stiffening element.

, Minimum skin gage required to satisfy hail impact criteria. Structural tailoring in

the crown is limited by the minimum skin thickness requirement used to suppress

visible damage due to severe hail storm conditions (i.e., 500 in.-Ib, impact by 2.5

in. diameter ice balls, usually simulated with lead impactors). This relates to the

desire to avoid high repair costs for multiple-site impact damage caused by rare

hail storms.

. Fiber�resin distribution of frames after RTM processing. The performance,

warpage, and dimensional tolerance control of complex geometries such as curved

frames is expected to relate to fiber/resin distribution. Assuming a suitable cure

cycle has been established, the fiber/resin distribution of traditional tape and tow

materials is most strongly dependent on the prepregging operation. Receiving

inspection tests add costs to these materials to ensure prepreg of acceptable

quality. Both resin infusion and part cure occur during RTM processing. As a
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result, the quality of fiber/resin distribution for a RTM part depends on RTM

process control and not the raw material costs. Cost efficient methods of

controlling the quality of RTM parts must be established.

Performance of the frame mouse-hole design detail. This design detail simplifies

the skin/frame cobonding operation but adds a stress concentration that needs to

be analyzed and tested. The higher stresses near the mousehole may lead to a
need for additional frame material. Sufficient damage tolerance for skin

penetrations located near the frame mousehole design detail must also be

established. The cost trade between reduced bonding labor and increased

material requirements needs to be understood to minimize total costs.

Durability of design details (cobonded frames and mechanically _astened splices).

The durability of composite fuselage design details has received little attention in

the past. Cyclic pressure load conditions are expected to drive the design of

frame-to-skin adhesive joints in the crown. This pressure pillowing problem will

need to address creep/fatigue interactions using analysis and tests. Potential

bond-surface contamination, resulting from poor handling, can also affect the

durability of the frame-to-skin bond. Combined cyclic load conditions also pose a

significant problem for longitudinal and circumferential mechanically fastened

joints. The combined loads include axial tension/pressure and reversed axial

compression/pressure. The effects of environment and real time on damage

accumulating in material surrounding the bolt hole will need to be considered.

4.4.2 Window Belt (Side)

The fuselage side quadrants have considerably more design detail and manufacturing

complexity than the crown. Many of the crown technical issues are also critical to side

panel locations above the window belt. The two critical manufacturing issues that were

discussed at the start of Section 4.4 (i.e., Panel Warpage/Fitup, Low Rejection Rate) are

of greatest concern for the side quadrants due their size. The lower portion of side

quadrants (i.e., approaching the keel) have considerable combined load interactions.

The combined effects of axial compression, inplane shear, and hoop tension on damage

tolerance needs to be understood. Other major issues for the side baseline concepts
which will be addressed in ATCAS include:

. Several technical issues listed for the crown are also associated with the side

quadrant. These include (1) Hoop Damage Tolerance, (4) Minimum Skin Gage,

(5) RTM Fiber/Resin Distribution, (6) Mousehole Design Details, and (7) Durability

of Design Details. Note that the side panel load conditions which need to be

considered for frame and circumferential splice details are significantly different
than for the crown.

. Impact damage resistance and tolerance of stiffened panels near the keel.

Numerous in-service impact scenarios are possible in the lower portion of the side

quadrant. These include stones, runway debris and ground handling equipment.

Studies are needed to ensure that the structure is resistant to damage occurring
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for the full range of impact threats and to characterize damage for residual strength

predictions. Residual strength models and verification tests must consider the

effects of combined compression and shear loads representative of the lower side

quadrant. An understanding of material, design, and laminate variables affecting

impact damage resistance and tolerance is needed to promote low-cost, robust

designs.

Shear stability and damage tolerance near panel cutouts such as windows and

doors. Window and door support structure such as frames, door stops, and

intercostals must ensure adequate strength and dimensional stability in areas of

shear, axial and pressure load redistribution. Design and fabrication of these

elements must consider potential damage scenarios which complicate the load

paths. For example, the window frame module is currently planned to be

cobonded with the skin; however, potential debonding problems may require

through-thickness reinforcement such as composite rivets for adequate

performance.

Efficient laminate thickness tailoring at door and window cutouts. An increase in

laminate thickness near large cutouts such as windows and doors is required for

stiffness, stability and strength. Since material tends to be a major cost center, it is

desirable to understand the manufacturing options and mechanics issues that will

enable thickness tailoring to save cost and weight. Efficient processes such as

automated tow placement that can drop plies with minimum material waste are

sought. Interlaminar stresses that develop near ply drop-offs must be considered

in solving the shear lag problem to design ply drop sequences.

Fiber�resin distribution of window frame inserts after RTM processing. The

question of how large of a window belt insert is feasible for RTM processes needs

to be answered. Additive dimensional tolerances and warpage must be

considered in seeking an answer to this scale-up issue. One 31 ft. long window

belt insert would appear to reduce assembly costs, assuming fabrication

tolerances can be controlled. Realistically, an upper limit on the desirable size for

window belt inserts may be sought. For example, assembly jig and shimming

requirements for large parts may add more costs than saved from cutting

assembly costs of many small pieces. As with circumferential frames, the desire to

attain suitable bond strengths in co-bonded window frame to skin adhesive joints

will drive strict cured RTM part tolerances.

Handling and storage of frame, window frame, and door frame design details

before and after the RTM fabrication process. Handling of dry preforms must be

considered to avoid distorting the textile weave pattern (e.g., fiber orientation) prior

to cure. This includes the operation used to drape preforms into tools for RTM

processing. If RTMed parts are fully cured, they must be stored to avoid surface

contamination prior to cobonding with side quadrant panels. Alternatively,

C-staged parts require special handling that avoids both surface contamination

and distortion prior to accurate placement on a tool for cocure with the side panels.
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. Nondestructive evaluation of complex window and door frame detail geometries.

Nondestructive methods for evaluating the quality of complicated part geometries

(e.g., corner radii in window frame modules) need to be developed and

demonstrated. Collaborative efforts with structural analysts are also required to

determine the effects of defects and hence, support the development of robust

designs and quality control specifications. The approach taken in this effort should

ask the question: "what manufacturing quality is needed to ensure performance

standards?". This approach would avoid specifications that eliminate benign

defects and add unnecessary costs to the fabrication process.

° Compatibility of stiffening element geometry with door and window design details.

Cost constraints for design optimization tools must consider the added complexity

of door and window details when running stringer geometry trade studies for the

side quadrant. Detail assembly costs can be minimized by selecting a stiffener

geometry that facilitates attachments in door and window regions of the side

quadrant. A J-stringer geometry may be the best shape for attachment

Compatibility with door and window framing structure, but the trade between

fabrication and assembly costs needs to be studied.

4.4.3 Keel

The fuselage keel quadrant poses one of the most difficult design challenges for

applications of composites to transport fuselage (i.e., load redistribution of high

compression loads entering the panel at the keel beam attachment). It also has

considerable design detail and manufacturing complexity related to the cargo bay floor.

The two critical manufacturing issues that were discussed at the start of Section 4.4 (i.e.,

Panel Warpage/Fitup, Low Rejection Rate) are of particular concern for the baseline keel

quadrant due to its high stiffness. Other major issues for the keel baseline concept
which will be addressed in ATCAS include:

. Some technical issues listed for the crown and side quadrants are also critical to

the keel These include crown issues number 5 and 7 (i.e., RTM Fiber/Resin

Distribution, Durability of Design Details) for circumferential frames. Note that the

loads affecting durability of keel frame-to-panel adhesive bonds are significantly

different than those in the crown. For example, the baseline keel frames are

approximately 2 ft. deep in order to serve the added purpose of cargo floor

support. This geometry adds manufacturing complexity to the textile preform and

RTM fabrication processes. Similar concerns must be addressed for the baseline
intercostals. Several other technical issues described for the crown and side

quadrant also pertain to the keel (e.g., impact damage resistance and tolerance).
However, since side and keel baseline designs were derived from different

families, a separate description of keel issues will be given below.

. Impact damage resistance and tolerance of various keel panel locations. The thick

laminate/sandwich construction for baseline keel panels yield unique

characteristics to consider in impact damage resistance and tolerance problems.
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Added laminate thickness has been shown to yield higher residual strengths for a

given impact energy (Ref. 4-3). However, an understanding of relationships

between impact variables, surface damage visibility, internal damage, and residual

strength is generally needed for commercial aircraft designs. Curvature may also

become an issue for impact damage resistance due to the relatively small shell

diameter-to-thickness ratio of a panelized keel concept (Ref. 4-4). Panel curvature

effectively adds bending stiffness to the structure during a low velocity impact
event. The increased shear stresses for thick, curved, laminates subjected to

impact are expected to result in a change in failure mechanisms that needs to be

studied before attempting to predict residual strength.

A wide range of combined load conditions exist at different locations within the keel

quadrant. The effects of combined compression/shear/pressure load conditions on

post-impact residual strength need to be studied. The interlaminar stress load

redistribution occurring due to ply drop-offs along the length and width of the keel

quadrant will complicate this problem.

Through-penetration damage tolerance of various keel panel locations. Failsafe

design constraints such as through-penetration damage may drive the design of

various locations along the keel panel length. For example, added impact damage

resistance at the thick laminate end of the panel may be such that ultimate-

load/barely-visible-damage criteria cause little strength reduction (note: this can

occur when using a maximum impact energy as a threshold). In this case, other

damage tolerance constraints or panel stability will drive the design.

As discussed in keel issue #2, through-penetration damage tolerance will have to

consider the effects of combined compression/shear/pressure load conditions.

The interlaminar stress load redistribution occurring due to ply drop-offs along the

length and width of the keel quadrant will again complicate this problem.

Panel stability with major compression load redistribution. There is likely coupling

between residual strength, stiffness, and stability for a heavily loaded panel such

as the baseline keel concept. The design and structural location provide many

unique features which have received little attention in the past; analysis and tests

are therefore needed to ascertain the key variables affecting stability. As with

residual strength, keel panel stability will depend on load redistribution. Local

eccentricities of a sandwich panel with internal ply drops and wedged core could

be amplified by the presence of damage. The damage resistance of frame and

intercostal-to-panel bonds is expected to affect overall stability. The attachment of

full-depth frames are crucial to stability along the panel length. Thick laminate

stability at the forward end is also dependent on the effectiveness of intercostals

for providing a side boundary condition.

Process cure cycle for a panel that is thick laminate on one end and sandwich on

the other. A suitable cure cycle needs to be developed and demonstrated for the

baseline keel concept. Traditional low density, composite honeycomb cores are

unable to withstand the high pressures needed to cure some toughened matrix
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materials. One solution to this problem is to precure laminate portions of the panel

prior to adhesive bonding with the honeycomb core. This may prove costly and

lead to adhesive bond problems if the precured thick laminate section is warped.

Another potential solution is the use of foam core materials that are able to

withstand pressures needed for cocudng with the laminate.

Efficient ply tailoring in the area of major load redistribution. Interlaminar stresses

must be considered in selecting ply drop-off sequences as compression loads

decrease from the forward to aft ends of the keel quadrant. As discussed for the

side quadrant, it is desirable to understand the manufacturing options and

mechanics issues that will enable thickness tailoring to save cost and weight.

Efficient processes such as automated tow placement that can drop plies with

minimum material waste are sought. Analysis and test support will help to select

materials best suited for the load conditions. More will be said on this subject in

descriptions of the following technical issue.

Laminate and sandwich material forms suitable for applications with the baseline

keel Strong trade-offs between performance and cost are anticipated by the DBT

when attempting to select the optimum keel material. Material characteristics

crucial to the keel baseline panel concept include interlaminar-shear load transfer,

impact damage resistance, and through-penetration residual strength. Increased

interlaminar shear stresses near numerous ply drop-offs in the keel panel suggests

a possible need for additional resin to enhance load transfer. This may be

achieved by increasing overall towpreg resin content or locally adding adhesive at

ply drops. A compliant, toughened adhesive is expected to work best for

increasing both the interlaminar shear load transfer and impact damage

resistance. Any increase in these properties needs to be balanced against

increased material costs. The through-penetration damage tolerance also needs

to be studied because it could conceivably drive the design of toughened
materials.

An impact damage resistant sandwich construction is needed for the keel baseline

concept. Past studies (e.g., Refs. 4-2 and 4-5) have indicated an inherent

weakness in traditional composite honeycomb and polymeric foam materials

whereby impact causes significant damage that leads to the loss of facesheet

stability and decreased compressive residual strength. One example of potential

improvements in impact damage resistance has been shown with higher density

core materials. A foam with re-entrant cell structure has also shown potential for

impact damage resistance (Ref. 4-6). Other factors affecting the impact damage

resistance of advanced core materials for curved sandwich panels need to be

studied with experiments and analysis. These include the interactions between
facesheet and core variables.

Thick laminate keel panel splice heavily loaded in compression. Several technical

issues need to be considered for heavily loaded mechanical joint attachments
between thick laminates. Small fastener diameter-to-thickness ratios affect
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laminate bearing capability, and, due to typically low interlaminar shear moduli, will

increase fastener flexure. Large holes required to mechanically attach thick

laminates directly affect bypass dominated failures and are expected to change the

bearing-bypass interaction. On the other hand, some characteristics of a

compression loaded joint suggest the potential for improved structural performance

(e.g., depending on material type, filled-hole compression failures can be higher

than filled-hole tension). Analysis and tests are needed to supplement existing

design curves and databases that have been generated using tension load
conditions.

9. Repair of thick laminate�sandwich panels with bonded design details. Repair is an

issue at both ends of the baseline keel panel. Mechanical attachment of repair

plates will be difficult for sandwich panel construction. Major repairs involving the

base panel and portions of the full depth frames will also be laborious. Bonded

repair methods for surface damage will need to consider difficulties in curing

portions of thick laminates and sandwich panels in the field. New repair methods

that can be performed more simply and with minimum cost are needed for thick

laminate and sandwich panels.
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5.0 CROWN QUADRANT GLOBAL OPTIMIZATION

Global optimization of the crown quadrant for the ATCAS contract was completed during

a period of seven months. This process included the development of two design

concepts from each of three design families (Families B, C, and D). The detailed

manufacturing and assembly plans which were developed from each of these designs
were then used for cost estimating.

This section documents the design development effort and the selection of the baseline

crown concept. Included are descriptions of the crown design conditions, each design

concept, the controlling strength/stiffness criteria, and results of the cost and weight

estimates. The cost of major design variables are compared. The process and rationale

for selecting the baseline concept are also discussed. Finally, items representing
improvement opportunities during local optimization are described.

It should be noted that some results presented in this section differ from those presented

in past ATCAS Monthly Technical Progress Reports. Some mistakes in cost estimating

were found and corrected. Additional stress analysis performed after the release of the

design drawings also revealed inadequacies in the tension damage tolerance of several

designs. The cost and weight analyses were performed for the original designs (see

representative drawings contained in Appendices A through F. The cost and weight

results presented below incorporate modifications required for adequate tension damage
tolerance.

5.1 Design Conditions

Several criteria were used in the design of the crown quadrant, including safety-related
criteria for ULTIMATE, FAILSAFE, and SAFE-FLIGHT conditions. ULTIMATE loads

were required to be carried with non-visible damage, FAILSAFE loads with an arbitrarily

oriented through-thickness damage up to 8 in. long, and SAFE-FLIGHT loads with an

arbitrarily oriented through-thickness damage up to 12 in. long. An economic criterion

required that any structure be capable of withstanding 500 in.-Ib, of impact energy from

hail with no visible damage. The latter criterion resulted in a minimum external skin gage
of 10 plies (0.074 in.).

Table 5-1 contains the loading conditions that were considered with the above criteria.

The longitudinal and pressure Ioadings are described in further detail in the following
paragraphs.

Preliminary internal loads developed for the Boeing 767-X were used to design the

crown panel concepts. In sizing the structure, the internal longitudinal and

circumferential Ioadings were considered separately. This approach was selected for

simplicity, and because uniaxial tension was thought to be more severe than biaxial

tension for damage tolerance conditions. A more complete evaluation of the combined

loads is envisioned during the local optimization process.
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ULTIMATE 2.0 * (MaximumPositivePressureDifferential)

ULTIMATE 1.5* (LIMITLongitudinalLoads+
MaximumPositivePressureDifferential)

FAILSAFE 0.8 _,(LIMITLongitudinalLoads)+
MaximumPositivePressureDifferential+
AerodynamicPressure

FAILSAFE 1.15* (MaximumPositivePressure
Differential+ AerodynamicPressure)

SAFE-FLIGHT 0.50* (LIMIT Longitudinal Loads)

Table 5-1 • Crown Loading Conditions

Tension and compression axial LIMIT loads corresponded to positive 2.5 g and negative

1.0 g maneuvers, respectively. The compression loads were obtained as a ratio of the

tension loads. As shown in Figure 5-1, the longitudinal loads for these conditions

decreased from fore to aft along the panel length, and from centerline to edge across the

panel width.

1.8 kips/in 1.5 kips'in

4.5 kips/in 3.6 kips'in _ _""_ _'_"_

1.8 kips/in

Figure 5-1 : LIMIT Longitudinal Loads for the Crown Quadrant

The maximum positive pressure differential was 9.0 psi. This corresponded to an

ULTIMATE (2.0 * maximum positive pressure differential) hoop loading of 2200 Ibs./in.,

and a FAILSAFE hoop loading of 1257 Ibs./in., for a fuselage with a 122 in. radius.
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The crown paneldesignswere constrainedby generalrelationshipsdefiningmaximum
tensile strain levels limiting damage growth, maximum compressive strain levels
preventing post-buckling failure, and bolt bearing and bypass strain relationships
determining the panel splice strengths. The ULTIMATE(2.0 • maximum positive
pressuredifferential)load casedesignedthe framesand the longitudinalsplices. The
ULTIMATE longitudinal loads were used to determine column buckling and
circumferentialjoint capability. The minimummarginof safety for this buckling was
requiredto be+0.20. TheFAILSAFEconditionwasmorecriticalthan theSAFE-FLIGHT
caseindefiningboththe longitudinalandcircumferentialdamagetolerancecapability.

Initially,a maximumgross-areatensionultimatestrain limitof 0.005in./in,wasemployed
to accountfor all damagetypesin the graphite/epoxylaminate. A morerigorousmethod
for predictingdamage tolerancestrength (basedon References5-1, 5-2 and Boeing
IR&Dstudies)wasdevelopedafter thedesignsand cost analyseswere complete. This
method indicated that the 0.005 in./in, maximumstrain assumption did not provide

sufficient tension damage tolerance for the longitudinally oriented FAILSAFE damages in

several of the designs. Investigations revealed that slight modifications to the existing

designs (i.e. altering ply angles and/or adding 1 or 2 plies) resulted in sufficient

capability. Since the required modifications were easily accounted for in the cost and

weight estimates, the design drawings were not officially updated.

5.2 Design Studies

Two designs were developed from each of three families (B, C, and D). Family B is a

traditional skin/stringer/frame geometry, with the stringers cobonded or cocured to the

laminate skin. The frames are mechanically attached to the stiffened panel. Family C is

also a skin/stringer/frame geometry, with both the stringers and frames cobonded or

cocured to the laminate skin. This results in a design with shear-tied frames. Family D

is a sandwich geometry, with cobonded frames to provide hoop stiffening.

Each design had a comprehensive fabrication and assembly plan to provide sufficient

detail for accurate cost estimations. The following subsections describe each design,

and its corresponding manufacturing plans, controlling criteria, and cost/weight results.

5.2.1 Design B1

Design Description. Representative engineering drawings for Design B1 are contained

in Appendix A. The skin and hat-section stringers in this design are fabricated from

IM6/3501-6. The skin thickness is constant across the panel width, and tapers slightly

along the panel length. The thickness of individual stringers taper along the panel

length. Lighter gage stringers are used near the more lightly loaded side panel. The Z-
section frames are fabricated from AS4/3501-6 fabric. Stringer clips are used to

mechanically fasten the frames to the stringer flanges.
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Manufacturing Plans. The fabrication/assembly plan for Design B1 uses a variety of

manufacturing technologies for the subcomponents. The skins are tow placed using

batch processing to minimize material waste. The hat stringers are fabricated by hot-

drape-forming flat charges produced with a CTLM, then cocuring them with the skins.

The constant height of the stringers allows the use of extractable, reusable soft tooling

that conforms to skin tapers. The precured Z-section frames are fabricated by

compression molding hand-layed-up prepreg fabric charges.

The assembly of the barrel section is divided into two subassembly processes. For a

given frame station, all frames, frame splices and frame posts are assembled into a full

barrel hoop frame. After all hoop frames are assembled, they are located onto a rotating

fixture that aligns and maintains the proper frame spacing. The precured stiffened skins

are then located and secured individually to the frames with the aid of the panel indexing

holes. Automatic shimming measurements are completed and the predrilled clip is

located and fastened to the frame and skin. When all clips for a quadrant panel are

fastened, the next adjacent quadrant panel is located onto the frame hoop, and the skins

robotically fastened along the longitudinal lap splice. The crown panel is located first,

with the side and keel panels following, respectively. This sequence provides the correct

longitudinal overlap requirements.

The completed barrel section is then mated to the adjoining section and fastened

together with an internal circumferential splice plate. The one piece hat stringer splices

are then shimmed and installed. In order to inspect the blind fasteners, an inspection

hole on the side of the hat splice is required.

Design Drivers. At the forward end of the centerline stringer, the critical design

constraints are a balance between the longitudinal and hoop damage tolerance.

Buckling margins become critical near the sides of the crown panel at the forward end

due to the lighter stringer gage in those regions.

At the aft end of the panel, the minimum gage criterion is encountered. The hoop

damage tolerance criterion is also a controlling factor. The longitudinal buckling margins

are small at the stringer ply drop-offs. Large margins are encountered for the axial

damage tolerance condition due to the minimum gage requirement.

The longitudinal joints are designed by bearing/bypass strength. The skin laminates are

padded with additional plies as required for bearing strength.

The circumferential joints at the ends of the panel require consideration of both a skin

laminate splice plate and a stringer splice member. Fastener bearing is the most

common driver, requiring localized thickening of both the skin and stringer laminates.

The axial loads used to design the joint are augmented by local eccentricity-induced

bending loads. The stringer-splice access hole (required for visual inspection of the

installed blind fasteners) necessitates additional plies at the center of the stringer splice
member to account for the stress concentrations.
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Framesand framesplicesaredesignedto carrythemaximumbendingloadsand 15%of
the hoop tension load resultingfrom the ULTIMATE(2.0 • maximumpositivepressure
differential) load case. The frame inner chord is limitedby the 0.005 in./in, maximum
allowabletensilestrain.

Cost/Weight Results. The resultsof the studyshowthat thisdesignconceptis 115%of
the costof 767-Xbaselineconceptand 49%oftheweight.

The division of weight between various portions of the structure is illustrated in

Figure 5-2. Skins contain the vast majority of weight, with the stringers also being a

major weight center.

The relationship between recurring and nonrecurring costs for this design family are

shown in Figure 5-3. As can be seen, the recurring costs are dominant, consisting of

approximately equal material and labor (assembly + fabrication) components.

In Figure 5-4, the recurring and nonrecurring costs are each separated into fabrication,

panel bonding, and assembly/installation costs. The recurring element fabrication costs

are clearly dominant. The recurring assembly and installation costs are a significantly

lower portion than those of the typical aluminum design, shown in Figure 2-1. Lower

assembly costs for the composite crown design relates to bonded stringers and the

quadrant panel approach which minimizes longitudinal splices. The non-recurring costs

are evenly divided between those associated with element fabrication and those

associated with bonding and assembly/installation.

The recurring material and labor costs for each major manufacturing step are shown in

Figure 5-5. The skin, stringer and frame fabrication costs are the primary cost centers,

with panel bonding and frame splice fabrication also being significant. Efficiency of the

quadrant tow-placement process is illustrated by the very low proportion of labor to
material costs in the skin fabrication.

5.2.2 Design B2

Design Description. Representative engineering drawings for Design B2 are contained

in Appendix B. The skins and blade stringers in this design use AS4/3501-6 material.

The skin thickness is constant across the panel width, and tapers uniformly from the

forward circumferential joint until minimum gage is achieved. The stringer thickness is

constant along the panel length, a requirement necessitated by the desire to include a

pultruded stringer design. Lighter gage stringers are used near the more lightly loaded
side panel. The Z-section frames use a 2-D braided composite, equivalent to

AS4/3501-6.
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I Design B1 (Cocured Hat Stringers) i

o Includes Major Splices

0 Assumes 300 Shipsets

MISC 3%

FRAMES 14%

SKIN 54%

STRGRS 22%

Figure 5-2: Weight Breakdown of Design B1

1_

Design B1 (Cocured Hat Stringers) |
o Includes Major Splices Io Assumes 300 Shipsets ........

REC MATL 40%

N/R LABOR 19%

N/R MATL 2%

REC ASSY7%
FAB 32%

Figure 5-3: Recurring and Non-recurring Costs of Design B1
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Figure 5-4: Breakdown of Recurring and Non-recurring Costs of
Design B1
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Figure 5-5: Recurring Costs by Major Operation of Design B1
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Manufacturing Plans. The skins of Design B2 are tow placed using the batch process.

The blade stringers are pultruded, using a prekitted prepreg material form, and fully

cured. The skin taper is very gradual (approximately 1 ply per foot of panel length), to

avoid the stringer post-forming processing required to accommodate skin joggles.

Manufacturing demonstrations indicate that thin stringer configurations, can be cobonded

to a slightly-tapered skin without reducing bond integrity. The Z-section frames are

batch-RTMed braided preforms (4 in a single operation). The 0° fibers provided by

triaxial braiding help maintain fiber orientation during the braiding and RTM processes.

The assembly of the barrel section for this design is similar to that of Design B1, except

for the elimination of the frame posts. The assembly of adjoining barrel sections is also

similar, except that the blade stringer splice is comprised of two pieces.

Design Drivers. Design B2 includes a 12 ply (0.088") minimum skin thickness (for axial

and hoop damage tolerance requirements), with an 8-ply padup at the forward end and a

1-ply padup at the aft end (for skin bearing requirements). The thicker minimum gage

compared to Design B1 (12 versus 10 plies) is a result of the reduced material properties

of the AS4/3501-6. The hoop damage tolerance margins are critical throughout the aft

section of the crown panel. Axial damage tolerance margins define the locations of the

ply drop-offs in the skin. Stringer gage is defined through bearing requirements at the

forward end, which is the most heavily loaded. Because of the heavy blade stringers

and the skin layup necessary to attain damage tolerance requirements, buckling margins
of safety are not critical.

The circumferential skin splice plate and stringer splice members are sized by bolt-

bearing, due to a combination of axial load and eccentricity-induced bending loads.

Stringers bolt-bearing margins are very large at the aft end due to the constant gage,
carried from the forward end.

Longitudinal splices require a single ply added along the panel edge for bolt-bearing

requirements.

The frame, although different from Design B1 in material form and manufacturing

process, is designed to the same loads and assumptions, with an assumed 15% of the

hoop tension load included with the appropriate bending load. The manufacturing

method (2-D braided preform/RTM) requires a constant thickness frame cross-section.

Inner chord tension and fastener bearing at the frame splice define the remaining-section

thickness. Frame splice members are designed to the same loading conditions as the
nominal frame section.

Cost/Weight Results. The results of the study show that this design concept is 111% of

the cost of 767-X baseline concept and 53% of the weight.

The division of weight between various portions of the structure is illustrated in

Figure 5-6. As in Design B1, the skin contains the vast majority of weight, with stringers

also being a major contributor.
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The relationship between recurring and nonrecurring costs for this design are shown in

Figure 5-7. As in Design B1, the recurring costs are dominant, consisting of

approximately equal material and labor (assembly + fabrication) components.

In Figure 5-8, recurring and nonrecurring costs are each separated into fabrication, panel

bonding, and assembly/installation costs. Very little difference was observed between
these results and those of Design BI.

The recurring material and labor costs for each major manufacturing step are shown in

Figure 5-9. As in Design B1, the skin, stringer and frame fabrication, and panel bonding

are the four largest cost centers. However, the proportion of costs contributed by each

are significantly different. Lower skin costs reflect the use of the less-costly AS4 fiber

system. Stringer costs are significantly higher, despite the use of AS4 fibers. This is

due to a very costly prekitted material form used for the pultrusion process. Reduced

frame costs indicate that the braided/RTM process is less costly than the

fabric/compression molding process used in Design B1. Increased panel bonding costs

reflect the use of adhesive and the more complicated bagging procedure required for the
blades.

5.2.3 Design Cl

Design Description. Representative engineering drawings for Design C1 are contained

in Appendix C. Only the frame manufacturing and design details differentiate this design

from Design B1. The skins and hat-section stringers both use IM6/3501-6 material. The

braided J-section frames use a material system equivalent to AS4/3501-6. Frame

flanges are cobonded to both the skin and the hat stringers, eliminating the stringer clips,

frame posts, and associated mechanical fasteners contained in Design BI.

Manufacturing Plans. The skins, edge build-ups, and splice straps of this design are

tow placed. The hat stringers are hot-drape-formed in a batch process. The J-section

frames are RTMed in a batch process (16 frames at once) using triaxial braided

preforms. The closed molds of this process provide the ±0.005 tolerance required for
minimal bond thickness.

The cobonded frames of this design reduce the part count and the assembly costs, as

compared to Designs B1 and B2. The cure tooling and bagging required for the bonded

frame concept has additional complexity when compared to the mechanically attached

frame concepts, since the bag must enclose the frame as well as the stringer. The

tolerance requirements for the stringer/frame location and the cobonding surfaces are

demanding. The use of a sacrificial adhesive layer on these bond surfaces provides

some relief to the tolerance demands. A net-shape reusable bagging system is used

both to locate the stringers and frames in the quadrant subassembly operation, and to

provide compaction pressure. The panel build-up operation prior to curing is as

described Section 4.3.4, except without the pressure pads between the frames and

stringers.
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I Design B2 (Cobonded Blade Stringers) i

o Includes Major Splices

o Assumes 300 Shipsets ......

MISC 4%
SPLICES 8%

FRAMES 12%

SKIN 55%

S 21%

Figure 5-6: Weight Breakdown of Design B2

I Design B2 (Cobonded Blade Stringers) i
o Includes Major Splices

o Assumes 300 Shipsets ......

REC MATL 39%

N/R LABOR 22%

N/R MATL 3%

REC ASSY 6% REC FAB30%

Figure 5-7: Recurring and Non-recurring Costs of Design B2
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Design B2
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Figure 5-9: Recurring Costs by Major Operation of Design B2
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The cocured frames require an approach different than that used for Designs B1 and B2

to assemble the quadrant panels into a barrel section. After the individual quadrant

panels have been fabricated and inspected, they are transferred to the final barrel

section assembly work station. The multifunctional panel indexing holes are used to

position and secure the panels relative to one another within the assembly jig. The

automated fastening system then drills, inserts, seals and fastens the bolts along the

length of the longitudinal joint stiffener. The frame splices and required shims are

selected, located and installed at all frame locations. The individual panels are attached

in the order described for Design BI.

After all longitudinal splices and frame splices have been joined, the completed section

is then mated with an adjacent section with the circumferential internal splice plate. The

same automated fastening system is used for the circumferential splice plate. The last

panel splice members are the stringer splices. Misalignment of the stringers is

measured robotically to determine shimming requirements. The shims and stringer

splices are then located and fastened along the circumferential splice.

Design Drivers. The design drivers for this concept are identical to those for Design B1.

The frame, which differentiates this design from Design B1, is designed to the same

bending loads associated with the ULTIMATE (2.0 • maximum positive pressure

differential) load condition, along with an assumed 15% of the hoop tension load

normally associated with skin loads.

Cost/Weight Results. The results of the study show that this design concept is 107% of

the cost of 767-X baseline concept and 50% of the weight.

The division of weight between various portions of the structure is illustrated in

Figure 5-10. When compared to Designs B1 and B2, the Design C1 frame weight is a

larger portion, and skin weight a smaller portion, of the whole. These changes are

attributed to the deeper frame sections.

The relationship between recurring and nonrecurring costs for this design family are

shown in Figure 5-11. These relationships differ only slightly from those of Designs B1

and B2, with the recurring costs still dominant.

In Figure 5-12, the recurring and nonrecurring costs are each separated into fabrication,

panel bonding, and assembly/installation costs. The major differences observed

between these relationships and those for Designs B1 and B2 are the increased

recurring panel bonding costs and somewhat reduced assembly/installation costs.
These are both attributed to the use of cobonded frames.
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I Design C1 (Bonded Frame With Contoured Flange) |

L.

o Includes Major Splices |
o Assumes 300 Shipsets ....

MISC 6%
SPLICES 8%

SKIN 49% FRAM ES 17%

STRGRS 21%

Figure 5-10: Weight Breakdown of Design C1

Design C1 (Bonded Frame Flange) |

L.
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0 Includes Major Splices
0 Assumes 300 Shipsets ......

REC MATL 35%
N/R LABOR 24%

N/R MATL 3%

REC ASSY 6%
REC FAB 32%

Figure 5-11: Recurring and Non-recurring Costs of Design C1
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The recurring material and labor costs for each major manufacturing step are shown in

Figure 5-13. As in Designs B1 and B2, the skin, stringer and frame fabrication, and the

panel bonding are major cost centers. The proportions of these centers, however, differ

from both Family B designs. Skin and stringer fabrication costs are similar to Design B1,
owing to the same design of those components. Frame costs are similar to those of

Design B2, reflecting the use of the braid/RTM process in both. Significantly higher
panel bonding costs in this design are due to a difficult continuous bond of the frames to

stringers.

5.2.4 Design C2

Design Description. Representative engineering drawings for Design C2 are contained

in Appendix D. The stringer and frame details differentiate this design from Designs B1

and C1. IM6/3501-6 material is used for both the skins and the hat-section stringers.

The Design C2 stringers are constant thickness and height-tapered. This differs from the

constant height, thickness-tapered hat concept of Designs B1 and C1. The stringer
splices also differ due to these stringer modifications.

The J-section frame is fabricated from a combination of carbon (AS4) continuous and

long-discontinuous-fibers (LDF®) in a thermoplastic (PEKK) material system. A novel

resin powder impregnation technology which is projected to reduce the material costs of

thermoplastic prepregs was assumed. The 45 ° and 90 ° plies contain continuous fibers

and 0o plies are LDF. The frame is cobonded to the skins and stringer flanges (instead

of the skin and entire stringer cross-section, as in Design C1), with "mouse-hole" cutouts
at the stringers.

Manufacturing Plan. The skins for this design are tow placed using batch processing.

The splice straps, however, are cut from knitted prestacked fabric that is RTMed. The

height-tapered hat stringers are fabricated by hot-drape-forming flat charges produced

with a CTLM. A batch process is again employed for the stringer draping. Custom

tooling and cure mandrels will be required for the individual hat stringers. Frames are

fabricated by roll forming, followed by stretch forming, and then machining the mouse-
hole cutouts.

The mouse-hole frame concept provides some relief from the bonding-surface and

Iocational tolerance requirements of Design C1. Sacrificial adhesive is again used

between the bonding surfaces. The cure tooling, bagging, and panel-buildup concepts

are similar to those of Design C1, with additional pressure pads required between the

frame mouse-holes and the hat stringers to provide curing pressure to the latter. It is

assumed that the frame material tolerates an epoxy cure cycle without supportive tooling
during cure.

The assembly of the quadrant panels into barrel sections, and the barrel section mating
operation for this design are both the same as for Design C1.
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Figure 5-12: Breakdown of Recurring and Non-recurring Costs of
Design C1
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Figure 5-13: Recurring Costs by Major Operation of Design C1
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Design Drivers. The skin laminate is dominated by the FAILSAFE damage tolerance

hoop tension condition. Axial damage tolerance at the forward end of the panel defines

the stringer laminate. The stringer height is determined by the minimum allowable

buckling margin, which is critical along the entire panel length. Skin ply drop-offs are

included towards the middle of the panel length, the specific location determined by
buckling and axial damage tolerance capability.

The longitudinal splices are designed to resist the bolt bearing and bypass strain

requirements. Skin padups are added as required. The circumferential splices are

similar to those developed for Design BI. Geometric modifications are necessary due to

a different stringer shape at the forward end, and some additional plies are required in

the stringer to carry the fastener bearing load. These additional plies at the forward end

complicate fabrication of the stringer laminate. Stringer-laminate padups are not
required at the aft end circumferential splice.

Stress concentrations at the mouse-holes result in a much thicker laminate for frames

than used in other designs (e.g. Design C1). The most apparent option to this thicker

frame is to include an additional flange just over the mouse-hole. While this may reduce

the weight, it significantly increases the manufacturing complexity.

Cost/Weight Results. Results show that this design concept is 117% of the cost of

767-X baseline concept and 55% of the weight.

The division of weight between various portions of the structure is illustrated in

Figure 5-14. The increased relative frame weight is due to the mouse-hole concept.

The relationship between recurring and nonrecurring costs for this design family are

shown in Figure 5-15. These relationships differ only slightly from those of Designs B1,

B2, and C1, with recurring costs still dominant. The percent of recurring material costs

are somewhat higher for C2 because of the use of thermoplastics for frames.

In Figure 5-16, the recurring and nonrecurring costs are each separated into fabrication,

panel bonding, and assembly/installation costs. The reduced recurring panel-bonding

costs relative to Design C1 are attributed to the less-complex bonding requirements of

the mouse-holed frame design. These costs are still higher than Designs B1 and B2,

again due to the use of cobonded frames. When compared to Designs B1, B2, and C1,

approximately 10% of the non-recurring costs shift from fabrication-related to bonding-

and assembly/installation-related. This is attributed to low nonrecurring frame fabrication
costs.

The recurring material and labor costs for each major manufacturing step are shown in

Figure 5-17. The most significant difference between Designs C1 and C2 is the higher

frame costs of the latter. This is attributed to relatively high costs of the thermoplastic

material form in conjunction with increased frame weight necessitated by the mouse-hole

concept. The cost of a thermoplastic frame concept would benefit from a more weight
efficient design.
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Figure 5-14: Weight Breakdown of Design C2
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Figure 5-15: Recurring and Non-recurring Costs of Design C2
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5.2.5 Design D1

Design Description. Representative engineering drawings for Design D1 are contained

in Appendix E. The sandwich panels in this design use material equivalent to

AS4/3501-6 in the face sheets and 4 Ib./ft. 3 Nomex honeycomb core. The skin laminate

stacking sequence for this particular design is as "hard" as practical (i.e. as many of the

plies as practical are oriented in the principal load carrying directions). A minimum of

four :1:45° plies are in each face sheet to provide shear capability. To simplify the splicing

to adjacent structure, panned-down edges are incorporated to provide a solid laminate

for attaching. The edge-reinforcing members consist of AS4/3501-6 fabric draped over

an 18 lb./ft. 3 Rohacell closed cell foam insert. This insert acts both as an edge close-out

and shear load path for transition from sandwich panel to solid laminate. The precured,

cobonded J-section frame uses triaxially (2-D) braided material, equivalent to

AS4/3501-6.

Manufacturing Plans. The skins and splice straps for Design D1 are tow placed. The

fabric of the edge-reinforcing members is draped over the Rohacell foam, and left in an

uncured state. The triaxial braided preforms of the J-section frames are batch RTMed (2

in a single operation).

The outer skin is placed on the cure tool, followed in order by an adhesive layer,

honeycomb core and uncured edge members. An adhesive is used between the

honeycomb and Rohacell foam to provide sufficient continuity of the core. Another layer

of adhesive is placed on the core prior to location of the inner skin. This assembly of the

sandwich panel uses an automated gantry systems for application of the adhesive, and

locating the honeycomb, edge members and inner skin. The frames and associated
support cure tooling are located onto the inner skin for subsequent cure. This tooling is

required to prevent core crush and frame misalignment, which is critical for body-section

assembly.

The ramped-edge honeycomb design uses the same major-assembly processes as

described for Design C1, except that no stringer splices are required and only one

circumferential splice member is required.

Design Drivers. The details which most influence this design are (1) eccentric loading

caused by skin ply drop-offs shifting the section neutral axis, (2) coefficient of thermal

expansion compatibility between the outer and inner skins, and (3) damage tolerance

requirements on face sheets.

Consideration of thermal expansion compatibility between inner and outer face sheets is

important to avoid panel warping due to residual stresses. Longitudinal and hoop

direction coefficients of thermal expansion for the two face sheets are within 20% of

each other. Ply drop-offs are also carefully designed to minimize the effect of local

bending due to the eccentricities created by a shift in the neutral axis at drop-off

locations. Damage tolerance requirements in both the hoop and longitudinal directions
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accountfor thecriticalmarginsalongthe entirepanel. Thesandwichdesignreducesthe
local bendingstressesat the tip of longitudinallyorientednotches,which reducesthe
penaltiesfor damagetoleranceunderpressureloads. Bucklingis not a criticalfactor in
thisdesign.

The panned-downsplice design creates eccentric loading at the joints. At the
circumferentialjoint, the splicefastenerat the panel centerlinedeterminesthe required
thicknessto resistbolt bearingstresses. A significantnumberof plies addedare in the
outer skin, both for more gradual load transfer to the panned-downlaminate and to
provide sufficient bearing capability for the splice fasteners, including effects of
eccentricities.

The longitudinaljoints also use a panned-downedge reinforcinginsert. The important
issuesforthis splicearesimilarto thosefor the circumferentialsplice. Additionalplies in
the outerskin, extendingabout 14" from the edge, providesufficientthicknessto allow
for the countersunkframesplicefasteners.

Framesare designedto resist the bendingloads associatedwith the ULTIMATEload
condition. The sandwich panel adds significant capability to this bending load
resistance,resultingin relativelysmallframemembers. Again,tensionin the innerframe
flange is the critical stress whichsizes much of the frame laminate. The frame splice
memberis alsodesignedto resisttheseloads.

Cost/WeightResults. The resultsof the studyshowthat this designconceptis 98%of
the costof 767-Xbaselineconceptand64%of the weight.

Division of weight between the various portions of the structure is illustrated in
Figure5-18. The skin (includingcore) contains nearly all of the weight, since the
stringers are eliminated and the sandwich construction reduces the frame-stiffness
requirements,andthereforetheirweight.

The relationshipbetween recurringand nonrecurringcosts for this design family are
shownin Figure5-19. The relationshipsare very similar to those for DesignsB1, B2,
C1, and C2. The recurringfabrication,however,is somewhathigherand the recurring
materialissomewhatlowerfor DesignD1.

In Figure5-20, recurringand nonrecurringcosts are each separated into fabrication,
panelbonding,andassembly/installationcosts. The recurringcost breakdownis similar
to DesignsC1 and C2, reflectingthe useof bondedframes in bothdesigns. The non-
recurringcost breakdownis comparableto those of Designs B1, B2, and C1, with
approximatelyhalf these costs for fabrication and the other half for bonding and
assembly/installation.

Recurringmaterialand labor costs for each major manufacturingstep are shown in
Figure 5-21. Skin and frame fabrication,and panel bonding remain significant cost
centersfor the sandwichdesigns. The panelbondingcostsare approximatelyequal to
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I Design D1 (Ramped-Edge Sandwich) i

0 Includes Major Splices

o Assumes 300 Shipsets ,,,. -o Assumes 300 Shipsets _..-

MISC 2°/0
SPLICES 4%

FRAMES 10%

SKIN 84%

Figure 5-18: Weight Breakdown of Design D1

I Design D1 (Ramped-Edge Sandwich) i
o Includes Major Splices
o Assumes 300 Shipsets ......

REC MATL 29% N/R LABOR 27%

REC ASSY 4%
N/R MATL 3%

REC FAB36%

Figure 5-19: Recurring and Non-recurring Costs of Design D1
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Design D1 (Ramped-Edge Sandwich) |
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o Assumes 300 Shipsets , ,.

ASSY & INSTL
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PANEL BOND 13%

TOTAL NONRECURRINGLABOR & MATERIAL J

ASSY & INSTL 12"/=

PANEL26%BON

FAB 62%

TOTAL RECURRING ILABOR & MATERIAL

Figure 5-20: Breakdown of Recurring and Non-recurring Costs of
Design D1

J Design D1 (Ramped-Edge Sandwich) i
o Includes Major Splices

o Assumes 300 Shipsets .....

25% I

i"

Z lS%
UJ
c)

lO-/.
UJ

5%

0%

17,0%

i

m

18.0%

6.0%

PANEL ilOND

C(_E/EI:GE MIBY

11.1%

_E FAB

[] RECURRING MATERIAL[] RECURRING LABOR

Nok,: Percentages are of total c_etl

(re_xTtng plus nonmcuntng)

4.4% 4.1%

_ _2.4% 3.0% _

¢1R¢. _ IIOOY JGm4

FF_ME _ P/bNEL

MAJOR OPERATIONS

Figure 5-21: Recurring Costs by Major Operation of Design D1
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the skin costs, a relationship that is also displayed by bonded-frame skin/stringer
designs (i.e., Designs C1 and C2).

5.2.6 Design D2

Design Description. Representative engineering drawings for Design D2 are contained

in Appendix F. The sandwich panels in this design use IM6/3501-6 material in the face

sheets and 4 lb./ft. 3 Nomex honeycomb core. A soft face-sheet design (i.e. at least 50%

angle plies) is employed to minimize ply drop-offs at the panel splices and possibly
increase impact damage resistance. This results in very heavy face sheets. A square-

edged design replaces the panned-down edge concept used in Design DI. A solid-core

strips along the edges of the panel are required to provide adequate strength for

fastening and to serve as a close-out edge piece. The J-section frames in this design
differ from those in Design D1 only in manufacturing process.

Manufacturing Plans. The inner and outer skins, and the required buildups, are tow
placed using the quadrant approach discussed in Section 4.1. The J-section frames are

fabricated using a dry-fiber curved-pultrusion process. This process requires secondary
post-forming for proper curvature control.

The prespliced 4 lb./ft. 3 honeycomb core (5 splices) and extruded polyimide edge

members are located onto the outer skin. The edge members are secured at the corners

with low-cost injection molded snap-in corner pieces. The inner skin is then located onto

the core. Adhesive is used between the skins and core to provide an acceptable bond.

As in Design D1, an automated gantry system is used for adhesive application and part
location. The precured frames and the frame tooling are located in a similar fashion as
Design DI.

The square edge honeycomb design uses the same major-assembly processes

described in C1. The only differences are that no stringer splices and two

circumferential splice straps are required.

Design Drivers. The critical design criteria that drive the layup and locations of the

face-sheet ply drop-offs are similar to Design DI. Eccentricities due to ply drop-offs

create local bending loads, which combine with the in-plane axial and hoop loads.

Compatibility of the inner and outer face sheet thermal expansion coefficients

determines which plies to drop along the panel length. Buckling of the sandwich panel is
not critical for this design.

The square-edged design eliminates much of the eccentric bending encountered at the

splice in Design D1. The insert also provides sufficient through-the-thickness strength to

react the bolt clamp-up load encountered at the splice. The splice itself consists of an

inner and outer splice plate connected to the sandwich with fasteners. The forward

circumferential splice requires additional plies in both the inner and outer face sheets to

react fastener bearing. The insert is assumed to react only the clamp-up loads, leaving
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the skinsto carry the inplaneloadsthroughbearing. The circumferentialsplice at the
morelightly-loadedaft endrequiresonlyone additionalinner-skinply to react the bearing
loads.

Becauseof the soft-skindesign,sufficientcapabilityis availablein the skinsat the panel
edgesto resistthe longitudinalsplice loadswithoutadditionalplies.

Tensionin the innerframeflangedue to the appliedloadsdeterminesthe frame andthe
framesplicedesigns.

Cost/WeightResults. Theresultsof the studyshowthat thisdesignconceptis 115%of
the costof 767-Xbaselineconceptand 80%of the weight.

The division of weight between various portions of the structure is illustrated in
Figure5-22. The percentageof skin weightfor this soft-skin/IM6designconcept is less
than that of Design D1, despite an increase in actual skin weight. This is due to
significantlyhighersplice and fastenerweights from the two splice plates and longer
fastenersrequiredby thesquare-edgeddesign.

The relationshipbetweenthe recurringand nonrecurringcostsfor this design familyare
shown in Figure 5-23. The recurringmaterial appears as a larger portion, and the
recurringfabricationa smallerportion,of the totalcoststhanwith DesignDI. The higher
materialcostsarepartiallyattributedto the IM6/soft-skincombination,which resultsin a
muchhighertotalcost. The lower fabricationcosts aredue to the unmachinedsquare-
edge insert used in this design, as opposedto the machined Rohacellfoam ramped-
edgeinsertfrom DesignDI.

In Figure5-24, the recurringand nonrecurringcosts areeachseparatedinto fabrication,
panelbonding,and assembly/installationcosts. The recurringfabricationcosts appear
higherin this designthan in DesignD1. This is attributableto the high skincosts. The
non-recurringcostbreakdownaresimilarto the otherdesigns.

The recurringmaterialand labor costsfor each major manufacturingstep are shown in
Figure5-25. Theskincostsappearmuchhigherthan in DesignD1. Again,this is due to
the combinationof the IM6 fibers with the soft-skindesign. All other costs, although
skeweddownwardbythis highskincost, appearverysimilarto thoseof DesignDI.

5.3 Analysis of Cost/Weight Results

5.3.1 Synopsis

From the design studies conducted, several generalizations can be made concerning
design drivers. Tension FAILSAFE damage tolerance controls the majority of the panel

in all designs. Stringer thicknesses are determined by Euler stability considerations.

Skin and stringer thicknesses at the edges of the panels are controlled by the fastener
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1..

Design D2 (Square-Edge Sandwich) |
o Includes Major Splices |

o Assumes 300 Shipsets .... I

MISC 4%
SPLICES 11%

FRAMES 8%

SKIN 77%

Figure 5-22: Weight Breakdown of Design D2

I Design D2 (Square-Edge Sandwich) i
o Includes Major Splices |

o Assumes 300 Shipsets ,_. .....

REC MATL 43%

N/R LABOR 18%

N/R MATL 2%

REC ASSY 4%
REC FAB 32%

Figure 5-23: Recurring and Non-recurring Costs of Design D2
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I Design D2 (Square-Edge Sandwich) i
o Includes Major Splices |

o Assumes 300 Shipsets ......

FAB
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10%

ASSY & INSTL

5O%

ASSY & INSTL

10%
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Figure 5-24: Breakdown of Recurring and Non-recurring Costs of
Design D2
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Figure 5-25: Recurring Costs by Major Operation of Design D2
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bearing requirements. Minimum gage requirements effect the skin thicknesses near the

aft (lightly-loaded) end of the panels.

Figure 5-26 illustrates the approximate weight breakdown encountered in the six design

concepts. The stiffened panel (skin and stringers, or sandwich panel) accounts for 70 to

80% of the total crown quadrant weight, with skin in the skin stringer designs responsible

for about 50% of the total. Frames account for 10 to 15%, and the splices 5 to 10% of
the total.

Some general trends can also be extracted from the cost results. Recurring costs

comprise approximately 75% of the total costs, and are divided nearly equally between

material and labor. About half of the nonrecurring costs are related to element

fabrication (e.g., skins, stringers, frames, etc.), with costs relating to bonding and

assembly operations comprising the other half. In contrast, approximately 70% of the

recurring costs are related to element fabrication, with the remainder related to bonding

and assembly operations. The most significant recurring cost centers are (1) the

fabrication of the skin, stringers and frames; (2) the panel bonding operation; and (3)

fasteners required for installation.

Skin/Stringer Sandwich

Figure 5-26: Approximate Weight Breakdown of Crown Designs
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A comparisonof the cost/weightresults, normalizedto that of the 767-X aluminum
baseline,is containedin Figure5-27. The costsare within 100to 120%of the baseline
value. The skin/stringerconceptweightsare approximately50 to 60% of the baseline,
with thetwosandwichconcepts(i.e.,DesignsD1and D2)beingsomewhathigher.

140

120

xlO0
r-..
t_o
!',,.. 8o

o_

u_ 60
o

0

F+'8I[]................+.......................+.................... iiii......................i.........
Fam+Oo ................IBT56_+_ ............. 1..........
Family D / : [] ', D2 : ',

A / _ ci i o

Aluminum:_ (767-X) I ........................................... _ ....................................... _"-

40 .............................................................................................................................

20 ...................... - ...................... .............................................. •....................... ..........

0 I I I I I
0 20 40 60 80 100

Weight, % 767-X

Figure 5-27: Crown Design Cost/Weight Results

The sloped line through the 767-X baseline point in Figure 5-27 represents a typical

performance value of weight. This value is the amount that customers are willing to pay

for reduced weight, and therefore is a measure of the life cycle costs of this weight. All

designs falling on a single line parallel to this are of equal value. Those designs falling

below this line are more desirable, and those falling above, less desirable. As shown, all

composite concepts, although not optimized, are more attractive than the aluminum

baseline. Note that Design D2 is less attractive than the other five composite designs.

5.3.2 Cost Comparisons

In selecting and developing design concepts in the global optimization process, cost-

minimization was a major consideration. In addition, a range of concepts for each

element (i.e., skins, stringers, frames) was included within and across the design families
to isolate costs.
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Fibers. Oneof the primaryvariablesfor whichcostscan be isolatedis fiber system. In
all designs, either AS4/3501-6or IM6/3501-6materialwas used for the skins and
stringers. The analysisof the costof these fibersystemsis shownin Figure5-28. The
bars in this graphshow the ratioof AS4 to IM6,with the adjacentbars addressingthe
behavior observedin the skins and the stringers. The lower performanceof the AS4
fiber system resultsin a 10 to 15%weightpenaltydue to addedmaterial. However,the
cost per poundof the AS4 is significantlylower,rangingfrom 55 to 65%,dependingon
the material form (i.e., tow or tape). The final cost ratio is the product of these two
values,and is in the 70% range. Thisanalysisindicatesthat, for theseapplications,the
cost advantagesof AS4 clearlyoutweighits performancepenalty. A performancevalue
of weight in excessof $130/Ib.wouldbe requiredto select the IM6system,significantly
higherthannormalvalues.
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Iht (Performance) Cost/Lb. Structural Cost

Figure 5-28: Comparison of AS4 and IM6 Fiber Systems

Similar results are seen in an analysis of the sandwich designs. In Design D1 and D2, a

hard AS4 concept and a soft IM6 concept are used, respectively. Additional studies of

soft AS4 and hard IM6 concepts indicate that, while the hard concept is slightly more

cost effective than the soft concept, the large cost reductions are gained by changing to

the less expensive AS4 system.
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Stringers. A comparison of stringer fabrication processes is contained in Figure 5-29,

which illustrates the costs per pound of each stringer design. The pultrusion process

used on the Design B2 blade stringers results in cost of $175/Ib. primarily due to the cost

of the prekitted prepreg material form. The hot-drape-formed hat stringers of Designs

B1, C1, and C2, are less costly on a per pound basis (= $110/Ib.), although recurring

labor was higher than the pultrusion process. In a modified Design B1, where AS4

material is substituted for IM6 (including additional plies to meet the performance

requirements), the cost per pound is reduced to approximately $75/Ib.
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i i l i

AS4/3501-6 Blade lM6/3501-6 Hat AS4/3501-6 Hat

Prekitted Matedal Tape Material Tape Material

Pultrusion CTLM/Drape Form CTLM/Drape Form

Figure 5-29: Cost Comparison of Stringer Fabrication Processes

Several interesting conclusions result from this comparison. First, the pultrusion process

is inherently more efficient than tape laminating with hot-drape-forming, but the material

costs must be reduced to approximately $30 to $40/Ib. for the end product to be a viable

option. This suggests that dry fibers with an in-line resin wetting process is likely
required. Secondly, material is a major cost center in stringer fabrication. Further

reductions could possibly be obtained for the drape-formed stringers by switching from a

tape form to prepreg tow in fabricating flat charges for draping.
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Frames. The frame manufacturing process used for each design is the primary variable

for which costs can be isolated. Costs per pound are shown in Figure 5-30. The

compression-molded fabric (Design B1) resulted in the highest cost ($170/Ib). High

recurring labor and material costs for the compression-molded fabric frame are due to

hand layup of the laminate charges and the use of a fabric prepreg material,

respectively. The costs per pound of batch processed braided/RTM frames exhibited a

considerable range. This is attributed to the number of frames in a batch process, with

the costs reducing from $160/Ib to $90/Ib as the quantity of frames fabricated in a single

operation increase from 2 to 16. The $116/Ib cost of the thermoplastic concept (Design

C2) is lower than all other concepts, except the 16-at-a-time batch RTM process (Design

C1). A breakdown comparison of the C1 and C2 frame concepts shows the former to

have a lower material cost, while the latter has lower recurring labor and nonrecurring
costs.
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Figure 5-30: Cost Comparison of Frame Fabrication Processes

5.3.3 Global Optimization

After understanding the cost estimates derived for individual design concepts, an

"optimum" design within each family was developed. Efficient materials, fabrication

process, and element design concepts that are included in the six designs described

above, were combined to provide the most cost-and weight-efficient crown panels for

each design family. This process was significantly less formalized than the original cost

estimates, but was necessary to provide a basis for determining the best design.

Family B. The globally optimized Family B design is primarily the hat stiffened concept

from Design BI. The skins, stringers, skin splices and stringer splices are all converted
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to AS4/3501-6.The thicknessof the skinsand stringersare increasedby 2 pliesand 1
ply, respectively,to maintainadequatedamagetolerance. The braided/RTMZ-section
framesfrom DesignB2are used,althoughit is assumedthat the framesare RTMed16
at-a-time.

The resultsof the study show that this design concept is 98% of the cost of 767-X
baselineconceptand54%of the weight.

The division of weight between various portions of the structure is illustrated in
Figure5-31. Very littledifferencefrom DesignsB1 and B2 is observed in the relative
distributionof weight.

The relationshipbetweenthe recurringand nonrecurringcostsfor this design familyare
shownin Figure5-32. The recurringmaterialis a smallerportion,and the non-recurring
costsa largerportion,of thetotal coststhanwith DesignsB1and B2. This is a resultof
loweringthe overallmaterialcostsby usingdrapeformedstringersandthe AS4 material
system.

In Figure5-33,the recurringand nonrecurringcostsare eachseparatedinto fabrication,
panelbonding,and assembly/installationcosts. A reductionin the recurringfabrication
costs,whencomparedto DesignsB1and B2, is due to the reducedmaterialcosts. This
results in bonding and assembly/installationcosts becominga greater portion of the
total.

Recurringmaterialand labor costs for each major manufacturingstep are shown in
Figure5-34. The skin,stringer,and framefabrication,and the panelbond operationstill
are the dominant costs, but less so than in either Design B1 or B2. The recurring
materialcosts in the frame assembly,panel installation,and body join operations are
primarily fastener costs. As these assemblyand installationcosts become a larger
portionof thetotal,thefastenercostsbecomesignificant.

Family C. The globally optimized Family C design is a slight modification of the
continuously-bondedframe conceptof DesignC1. The skin, stringer, and associated
splicematerialsare convertedto AS4/3501-6,with 2 plies and 1 ply beingaddedto the
skin and stringers, respectively,for damage tolerance requirements. The J-section
framewith the contouredouterflangeis maintainedwithoutmodification,since it already
assumesan RTMbatchprocessof 16at-a-time.

The results of the study show that this design concept is 99% of the cost of 767-X

baseline concept and 55% of the weight, nearly identical to those for the globally
optimized Family B design.

The division of weight between various portions of the structure is illustrated in Figure

5-35. The relative weight relationships are nearly identical to those of Design C1.
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I GIobally Optimized Family B i
o Includes Major Splices

o Assumes 300 Shipsets .....

Misc 3%
Splices 7°Jo

Frames 13%

Skin 56%
Strgrs 21%

Figure 5-31: Weight Breakdown of Optimized Family B Design

I GIobally Optimized Family B i
o Includes Major Splices
o Assumes 300 Shipsets

REC MATL 32%
N/R LABOR 26%

N/R MATL 2%

REC ASSY 8%

REC FAB 32%

Figure 5-32: Recurring and Non-recurring Costs of Optimized
Family B Design
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Figure 5-33: Breakdown of Recurring and Non-recurring Costs of
Optimized Family B Design
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The relationship between recurring and nonrecurringcosts for globally optimized
FamilyC are shown in Figure 5-36. These relationshipsare moresimilar to thoseof
DesignC1 than DesignC2,sincethe LDF®framesare not used. Whencomparedwith
DesignC1, however, the recurringmaterialcosts are reducedthrough the use of the
AS4 fiber system in the skins and stringers. The other costs, therefore,are a larger
portionof thetotal.

In Figure5-37,the recurringand nonrecurringcostsareeach separatedintofabrication,
panel bonding, and assembly/installationcosts. These relationshipsare again very
similarto thoseof DesignC1,with recurringfabricationcosts reduceddue to the useof
AS4.

Recurringmaterial and labor costs for each major manufacturingstep are shown in
Figure5-38. Whileskin,stringerandframefabricationare still majorcost centers,panel
bonding is the largest cost center, again due to the AS4 system used in skins and
stringers. Fastenercosts do not appearas largeas in the globallyoptimizedFamilyB
designsincethe framesarenotmechanicallyfastenedto theskin.

Family D. The globally optimized Family D design is close to that of Design DI. The

only modification is the cost-efficient frame batch process that RTMs 16 at a time. The

skins are a hard AS4/3501-6 concept. The ramped edge of the quadrant panel is

maintained, although it has not been established as clearly superior to the square-edge

design.

The results of the study show that this design concept is 94% of the cost of 767-X

baseline concept and 64% of the weight.

The division of weight between the various portions of the structure is illustrated in

Figure 5-39. These relationships are identical to those of Design D1.

The relationship between the recurring and nonrecurring costs for this design family are

shown in Figure 5-40. The results here appear nearly identical to those of Design DI.

This is expected since only the frame fabrication costs differ between the two designs.

In Figure 5-41, the recurring and nonrecurring costs are each separated into fabrication,

panel bonding, and assembly/installation costs. These costs, again, are nearly identical

to Design D1.

The recurring material and labor costs for each major manufacturing step are shown in

Figure 5-42. These relationships are also very similar to Design DI. The recurring cost

of the fasteners appear to be similar to the globally optimized Family C design.
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l GIobally Optimized Family C i
o Includes Major Splices

o Assumes 300 Shipsets .-
o Assumes 300 Shipsets ,,..-

Misc 5%
Splices 7°/o

Skin 51%

Frames 16%

Strgrs 20%

Figure 5-35: Weight Breakdown of Optimized Family C Design
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Globally Optimized Family C |
o Includes Major Splices

o Assumes 300 Shipsets

REC MATL 28% N/R LABOR 27%

REC ASSY 6%

N/R MATL 3%

REC FAB 36%

Figure 5-36: Recurring and Non-recurring Costs of Optimized
Family C Design
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Globally Optimized Family C i
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Figure 5-37: Breakdown of Recurring and Non-recurring Costs of
Optimized Family C Design
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Figure 5-39: Weight Breakdown of Optimized Family D Design
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Figure 5-40: Recurring and Non-recurring Costs of Optimized
Family D Design
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5.3.4 Selection Rationale

The cost and weight results of the globally optimized designs for each family are shown

in Figure 5-43 with the original results. The Family B and C costs and weights are nearly

identical, both being approximately equal in cost and 50% of the weight of the 767-X.

The sandwich design (Family D) is slightly less costly, yet significantly heavier than

either of Families B or C. The sloped line through the Family B and C designs reflects a

typical performance value of weight. When this is considered, Family D is clearly not an

optimum design concept.

140

120

X, 100

t,o
I'_ 80

m 60
0

0

40

20

Glob. Op_lFarnily B

Glob, Op_Family C

Glob. Opal=Family D

Aluminum (767-X)

.................iiiiiiiiiiii iiiiiiiiiiiiiiiiiiiiiiiiiiiii..................................i.....................;.........

i i i
0 20 40 60 80 100

Weight, % 767-X

Figure5-43: Globally Optimized Designs

For all concepts, damage tolerance requirements control much of the design. It was

therefore a major consideration in choosing the baseline crown concept for further

development in local optimization. In all designs, it is assumed, based on limited existing

data, that additional skin padding (i.e., tear straps) are not required for tension damage

tolerance. Since longitudinally oriented cracks appear to be the more critical condition,

the Family B concept seems to be at most risk from this assumption. Families C and D

has integrally bonded frame flanges to provide some crack stopping capability, where

Family B has no such features.

Family D design appears to be at least risk, since the sandwich construction increases

the local bending stiffness at the crack tip, which in turn reduces the localized bending

stresses. This is illustrated in Figure 5-44, where analytically derived strength

relationships between axially-loaded flat laminates, pressure-loaded curved laminates,

and pressure-loaded curved sandwich panels are shown. Significantly higher strengths

are realized in sandwich construction for pressure loads and a 8" crack size considered
for the FAILSAFE condition.
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Manufacturingriskwasalso asignificantconsiderationin selectingthebaselineconcept.
Family B has the lowest perceived risk, since manufacturabilityof a mechanically-
fastenedconcepthasbeenpreviouslydemonstrated,althoughonwing/empennage-type
structure. The FamilyC manufacturingriskwasjudgedto be the highest. BothFamilies
C and D carrysubstantialrisk associatedwith joiningvery large,stiff sectionsto other
quadrantsand to otherbody segments. Highlocal stressescan be inducedby forcing
compatibilitybetweenwarpedpanels. The overall stiffness of these built-up designs
magnifiesthe localizationof these high stresses. The FamilyC design, however,has
additionalcomplexityof splicingthestringersat the body-joinoperation. Maintainingthe
very small Iocationaltolerancesrequiredfor thesesplicesat both ends of a very long
panel,addsadditionalrisk.
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Family C was selected as the baseline crown concept. It demonstrates excellent

cost/weight performance, clearly superior to Family D. Its manufacturing risk was judged

to be higher than that of Family B, but it also carries significantly less performance (i.e.

damage tolerance) risk.

Due to damage tolerance uncertainties in both Families B and C, Family D was selected

as a backup to the baseline. This provides a fall-back position if the apparent

cost/weight performance erodes as additional data on damage tolerance becomes

available, or if the manufacturing concerns of Family C cannot be overcome.
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5.3.5 Local Optimization Potential

The local optimization process provides the opportunity to further refine the selected

concept within the cost constraints defined by global optimization. Material, geometric

and laminate variables affecting cost and weight are considered in the local optimization,

as well as improvements in the manufacturing processes.

Material costs are a major factor in the recurring costs. These costs will be aggressively

attacked in the local optimization phase. Less expensive material forms will be

considered wherever practical. For example, the stringer charges for drape forming can

be tow placed using prepreg tow instead of tape. The use of raw material forms in a

stringer pultrusion process will also be evaluated.

The use of less costly materials will be assessed, especially in the skins and stringers,

where the majority of material resides. In skins, tensile damage tolerance is the critical

property to maintain, while the bending stiffness and tensile damage tolerance are both

important in stringers. Fiberglass, which exhibits very large strains-to-failure, appears

attractive as a low-cost material for use in tension-damage-tolerance applications. In the

skins, for instance, an intraply hybrid consisting of S-glass and AS4 material could

provide similar (or even improved) residual strength as compared to an all graphite

design. For example, a one-for-one replacement of some graphite would result in a

substantial cost reduction, with some weight penalty due to the higher S-glass density.

This intraply hybrid concept is also ideally suited for the efficient tow-placement process.

Similar concepts could also apply to the stringers. Rough estimates indicate that

substituting a 50% S-Glass, 50% AS4 material into the skins and stringers on a ply-for-

ply basis would result in a 10% cost reduction and a 10% weight increase for the total
crown quadrant, as compared with a non-hybrid AS4 skin and stringer design.

Major geometric variables to be considered include stringer spacing, frame spacing,

stringer height and width, and frame height and width. Major laminate variables include

ply orientations and stacking sequences. A software design tool that incorporates cost

and structural mechanics constraints with an optimization algorithm will be developed to

support studies on the effects of material, geometric, and laminate variables.

Several manufacturing improvements have been itemized that will be investigated. Tow

placement efficiency rates can be increased by simply enlarging the current band width

or using multiple tow placement heads, as mentioned in Section 4.3.1. These

technologies are considered to be low risk and could conceivably increase rates up to

100%. To lower the cost of the splice straps, a large textile knitted full-depth stack could

be resin transfer molded and cut into the individual splice straps. This process takes

advantage of batch mode processing without significantly adding complexity or risk.

Additional cost saving can be realized when using low cost raw material forms (= $25/Ib.)

for pultruded stringer splices. A major cost center is the process for locating and

bagging the quadrant assembly for subsequent curing. The technology of form-fit

reusable bagging offers significant cost savings by reducing locating tooling, recurring

material costs, rejection rate, and assembly/bagging labor.



As was illustrated in the cost breakdownsfor the optimized families, the recurring
fastenerpurchasecostsare a substantialcostcenter. Compositefastenersand rivets
will beevaluatedto reducethesecosts.

Stringer splicing at the fore and aft ends of the quadrantis also a major concernfor
FamilyC. Spliceconceptsthat do notrequireprecisestringeralignmentwill be studied,
as a methodof reducingthecostand risk in thisarea.

An estimate of cost and weight impactof the above issues was made to provide an
indicationof the possibleimprovementthat canbe expectedduring local optimization.
Figure5-45 showsthat range,and the potentialimprovementsin the aluminumbaseline
design. These aluminumimprovementsrelateprimarilyto breakthroughsin assembly
technology,includinghigh-speedroboticfastening. The broaderwidth of the composite
potentialis an indicationof the widerrangeof materialsand othervariablesavailablein
the local optimizationprocess. The cost-reductionpotentialappearsto be significantly
greaterthan that forthe aluminumbaseline.
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6.0 CONCLUDING REMARKS

Design Build Team Approach

The DBT approach used in ATCAS was derived by team members representing

manufacturing, structural design, structural analysis, materials, quality control, and cost

analysis. Early developments by the ATCAS DBT prompted a need for an efficient

method of studying candidate fuselage design concepts and manufacturing processes.

Initially, 30 candidate fuselage panel concepts were produced by design personnel. The

number of concepts was increased from 30 to 159 during subsequent brainstorming
sessions with the full DBT. Schedules would not allow cost and weight evaluations of all

concepts. Instead, concepts were classified into eight design families, each having
common characteristics from a manufacturing viewpoint. This allowed a more viable

DBT approach in which the most cost- and weight-efficient family was selected by

evaluating a reduced number of concepts representing chosen families. After identifying

the best family for a given application, the cost and weight relationships of variables

within that family were analyzed in greater detail.

The three step DBT approach developed in ATCAS is used to select, evaluate, and

optimize fuselage concepts. The starting point is selection of baseline concepts as those

design and manufacturing ideas having an apparent potential for cost and weight

savings, combined with an acceptable risk. In the second step, referred to as global

optimization, the cost and weight savings are substantiated by performing trade studies
for the baseline and a limited number of alternative concepts. The cost estimating

procedure for this effort uses detailed designs and fabrication/assembly plans. Global

optimization effectively integrates manufacturing data into the design selection process.

The final design step, called local optimization, attacks the cost centers identified during

global optimization in attempts to further minimize cost and weight.

The ATCAS program is considering new material forms and manufacturing processes.
Lack of sufficient data for these emerging technologies can reduce the accuracy of

structural performance and cost predictions made during global optimization. Any
uncertainties are noted and influence the decisions made in global optimization;

however, the risk in selecting new technologies is minimized during local optimization by

allowing sufficient time to perform manufacturing trials, generate data bases, and

complete more thorough analysis.

ATCAS Baseline Concepts

The scheduled completion date for ATCAS baseline concept selection in all areas of the

fuselage coincided with the end of global optimization for crown panels. Although design

details are simplest in the crown, all baseline decisions benefited from cost and weight

trade studies for crown panels. Baseline selection was found to be a crucial design step

6-1



for the timely identificationof associatedtechnical issues. This helped to focus early
effortsinmanufacturing,structuralmechanics,and materialstechnology.

Four quadrantsegmentswere defined for the baselinefuselagesection. The quadrant
conceptis intendedto reducemanufacturingcosts in two ways. First, assemblycosts
are lowerdue to a reducednumberof longitudinalpanel splices. Second,the quadrant
conceptis compatiblewith an advancedtow placementbatch method for processing
panel skins in all areas of the fuselage. Crown tradestudiesprojectedthis methodof
skin layupto be costeffective.

Differingarc lengths,that minimizematerialwasteof the batchprocessfor advancedtow
placing skins, were chosen for the ATCAS fuselage quadrants. Crown and keel
quadrantswere chosenas 90° and34° segments,respectively.The relativelysmall keel
arc lengthwasdue to a cargodoor location. Bothside quadrantswere 118° segments.
Thesidepanelskin layupprocessrequiredthatboth rightand left sidesbe tow placedin
thesamebatch.

DesignFamilyC, whichconsistsof a skinpanelwith bondedstringersand frames,was
selectedfor the crown baseline. Windowframe and door designdetails also led to the
choice of Family C for baselineside panels. An innovativethick laminate/sandwich
concept,whichwasa variationof FamilyD,wasselectedfor the keelpanel. This choice
was made to avoid anticipatedproblemswith compositesin fabricatingand splicing a
moretraditionalkeelpaneldesign(i.e.,skin/stringerwithdiscretekeel chordelements).

Manufacturingand assemblysteps were conceivedfor the baselineconcepts. These
steps included batch processing elements, quadrant subassembly, panel cure,
inspection,and final assembly. The batchprocessfor skinswas selectedas advanced
tow placementusing the quadrantapproach. Since skins constitute the majority of
fuselageweight,towplacementwaschosenfor advantagessuchas a projectedlow-cost
materialform andefficientply tailoring. Stringersarebatchprocessedusinga contoured
tape laminationmachineanddrapeforming. Thisprocessis particularlyattractivefor hat
shapedgeometries. A work stationto batchprocesstextileswith resintransfermolding
(RTM)was selectedfor frames,windowbelt frames,and intercostals. The RTM/textile
approachwas foundto be efficientfor such complexpart geometries. A rotisserietool
concept and autoclave were chosen for quadrant subassembly and panel
cure/cobonding,respectively. Final assembly of quadrant and section splices was
envisionedusingautomatedfastenerinstallation.

The mostcriticalmanufacturingissueidentifiedfor eachbaselineconceptis the effectof
Iocationaltolerancesand panel warpageon final assembly. Quadrant paneldesigns
have highlocalstiffnessdue to bondedstringers/framesor sandwichconstruction. If the
panel is warped or bondedelementsare misaligned,stiff quadrantswill be difficult to
splice. Studiesin ATCASwill addressthis issuewith manufacturingtrials, robust joint
designdevelopment,warpagemeasurements,splicetests,and analysissupport.

Another importantmanufacturingissue pertainsto process control of large quadrant
sectionsto yield panelsof acceptablequality. The ATCASprogramwill study this by

6-2



producing manufacturingdemonstrationpanelswith design details typical of actual
quadrants. The effectsof defectsneedsto beunderstoodto avoidaddingunnecessary
costs to the process. Analysis and experimentswill study coupons,elements, and
subcomponentsmachineddirectlyfrommanufacturingdemonstrationpanels.

Critical structural issues which need to be addressed in support of technology
developmentand verificationwere also identifiedfor each baselinequadrant. Damage
tolerance is expected to be a design driver for the entire fuselage, with different
combined load conditionsand damage scenariosdominating in each quadrant. For
example,pressuredamagecontainment(largepenetrationssubjectedto hoop tension
loads)dominatesthe minimumgage crown designand impactdamageappearsto be
crucial for the compression/shearloads characteristicof the lower side quadrant.
Compressionloadredistributionis a majorissuefor the keelbaselinedesignwherecost
and weightwill be directlyrelatedto efficientlaminatethicknesstailoring. Thedurability
of bonded elementssuchas frameswill needto be studiedincludingthe effectsof real
time, environment,and pressurecycles. Finally,the relationshipbetweenmaterialand
structural behaviorneedsto be understoodfor the unique issuesof each quadrant in
orderto selectmaterialshavinga minimalcostandadequateperformance.

Crown Quadrant Global Optimization

Two designs from each of three families {ere developed for global optimization of the

crown quadrant. Each design was sized considering multiple load cases, damage

tolerance, and attachment design details. The three families were B (skin-stringer-frame,

with bonded stringers), C (skin-stringer-frame, with bonded stringers and frames), and D

(sandwich, with bonded frames). A detailed fabrication and assembly plan was

developed for each design. These were used to estimate weight, material costs, and

labor rates. Both recurring and nonrecurring (minus capital equipment) costs were

estimated assuming specified groundrules (e.g., 300 shipsets at a rate of 5 per month).

The two designs and manufacturing plans for each family varied material types,

manufacturing processes, and structural variables. This helped to project a range of cost

and weight variation for each family. Design trades within a family yielded data on cost
centers and variable interactions crucial to local optimization studies. Another

advantage of studying two designs per family was that errors in cost estimating tasks

(e.g., data entry, plotting) were found and corrected when analyzing differences between

design.

All composite crown designs studied were found to be cost and weight competitive
relative to the metallic benchmark. Relative weights for composite designs range from

49% to 80% of the metal. The estimated relative costs for composite manufacturing

plans range from 98% to 117% of the metal. When considering an economically

acceptable cost increase per unit weight savings, all composite designs show an

advantage over the metal baseline. One of the six composite designs are clearly not

cost and weight competitive with the other five.
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The majorityof weight for all designs is in the skin, where tension FAILSAFEdamage
tolerancedrives the thicknessand layupfor most of the crown panel area. Minimum-
skin-gagehail impactrequirementsalsocontrolthe designof the aft endof somepanels.
Stringerthicknessesare driven by reversedload stabilityrequirements. Both skin and
stringergagesnearpaneledgesarecontrolledby joint bearingrequirements.

Estimatesfor all designsstudiedshowed that recurringcosts are approximatelythree
fourthsof the total costs. The most significantrecurringcost centerswere found to be
skin, stringer,andframefabrication;panelbonding(i.e., elementsubassembly,bagging
and cure);and fastenersrequiredfor quadrantassemblyand body join. The material
and labor parts of total recurring costs are nearly equivalent; however, these two
componentsvary widely for individualfabricationand assemblysteps. For example,
panelbondingis nearlyall laborcosts,whilebatchtow placementprocessingof skins is
dominatedby materialcosts. The breakdownof cost estimatesto this and lower levels
of detailappearnecessaryinorderto attackcostcentersin localoptimization.

Relativelyhigh compositematerialcosts are expectedto lead to relationshipsbetween
cost and weight that differ from those of metals. The relatively low aluminumcosts
generallyallowan effectivetrade of addedweight for reducedlabor. Such tradesmay
also exist for complexcompositeelementgeometriessuch as frames in which labor is
found to be a high percentageof recurringcosts. When materialcosts dominate the
processstep (e.g., skin tow placement)the oppositeis true. Sinceskin dominatestotal
panelweight,studiesto minimizeplycountwill significantlyreducetotal costsfor a given
material type. This was apparent in cost and weight analyseswhere the heaviest
compositecrownskinsalsotendedto havethe highestcost.

It is importantto point out that although cost and weight appear coupled for skins
consistingof a givenmaterialtype,the switchto a highperformancefiberto reduceskin
weightwas not found to be cost effective. This relatesto the trade betweena higher
materialpurchaseprice and the costs saved from addedperformancecapability. The
economicallyacceptableincreasein costper unitweightsavingswas consideredin this
evaluation. Materialcost and weight design trades such as performed in this crown
study appearuseful in determiningan acceptableincrease in materialcost per added
performance. Note that these relationshipsare likely to be applicationspecific due to
differencesindesigndrivers.

Cost and weight comparisonswere made betweenthe variousmaterialsand process
methodsused for skin, stringer,and frameelements. Elementfabricationcoststended
to relateto thecomplexityof elementgeometry. In addition,the lowestcostprocesswas
found to change depending on element type. The advanced tow placementbatch
process for simple skin geometry yielded relatively low costs per unit weight in
comparison to the best processes found for more complex stringer and frame
geometries. When consideringstringers, contouredtape laminationand batch drape
formingwas foundto be the mostcost efficientof processesstudied. The frameswere
foundto be the mostcomplexand hadthe highestcostsper unitweight; however,costs
wereminimizedfor theseelementswitha batchRTMprocessof braidedpreforms.
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Designconceptsfor eachfamilystudiedwere globallyoptimizedby mixingand matching
the best features. The most promisingfamilywas selectedbasedon results from this
exercise,and an evaluationof the potentialfor furthercost and weightoptimizationwas
conducted. All globallyoptimizeddesignsusedthe lower-costfiber,which was foundto
have superior cost/weightperformancethan onehavinghigherstructuralperformance.
The most cost-effectiveprocessesstudiedfor eachelementtype were also chosenfor
theoptimumconcept. GloballyoptimizedFamiliesB andC wereboth foundto benearly
equivalent in cost and weight. Relativecost and weight comparisonswith the metal
benchmarkshowed the compositeconceptsto be 100%of the cost and 50% of the
weight. Family D yieldeda lowercost with someweightpenalty (i.e., 94°/°of the cost
and 64% of the weight of metal). The weight increasefor Family D was not found to
justify the cost savings. Family C was chosen over Family B, despite greater
manufacturingrisks,due to good localoptimizationpotentialand bondedframeswhich
mayhelppressuredamagecontainment.

Localoptimizationis plannedto furtherrefineFamilyC andattackcost centersidentified
in global optimization. Attempts to reduce material costs will include studies with
graphite/fiberglasshybrids,and the useof tow ratherthan tape for stringers. A software
designtool that includescost andmechanicsconstraintsfor crownpanelswill be usedto
supportoptimizationof designvariablessuch asstringerspacing,ply orientations,and
laminatethickness. The manufacturingapproachto panel subassemblyand the useof
compositefastenerswill also be evaluated. A roughestimateof the local optimization
potential indicated cost savings up to 25% within the range of acceptable weight
penalties. It shouldbe noted that the metallicbenchmarkmay also attain similarcost
savingsif advancedtechnologiesinautomatedassemblyareadopted.
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